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Abstract

High dimension modelling is an important area in modern statistics. For
example, a large number of problems that arise in finance are also in-
spired by more and more available high dimensional data. The main
objective of this thesis is to investigate three methodologies in high di-
mension statistics with the application in finance. The subsequent chap-
ters are organized as follow. The first two chapters are about spatial
modeling and its inference respectively. The third chapter tackles a dif-
ferent problem about the estimation of large integrated volatility matrix

of high frequency data.

In the first chapter, a dynamic spatial model with different weight matri-
ces for different time-lagged spatial effects is proposed. Unlike assuming
a known spatial weight matrix, the proposed method estimates each spa-
tial weight matrix for corresponding spatial effect by a linear combination
of a set of specified spatial weight matrices to avoid misspecification. To
estimate the coefficients for linear combinations and covariates, the pro-
filed least square estimation is used with instrumental-like variables. A
further selection on spatial weight matrices is introduced by adding an
adaptive LASSO penalty on the coefficients of linear combination. All
theoretical results are built on the scenario when the sample size T and
panel dimension N go to infinity. The functional dependence in time se-
ries proposed by Wu (2005) is applied for the asymptotic normality of the
estimated parameters. The oracle properties for model selection are de-
veloped including the asymptotic normality and sign consistency. Apart
from a simulated data used to illustrate the performance of the proposed
model, we also apply the proposed model to 32 important stocks from
the Euro Stoxx 50 and S&P 500 in 2015 to invest the spatial interaction
of them.

The second chapter discusses the inference for the spatial dynamic model.To
estimate the spatial weight matrices for contemporaneous and time-
lagged spatial effects, two linear combinations of a set of the specified
spatial weight matrices are adopted respectively. We extend the quasi-

maximum likelihood estimation for the linear combination coefficients



in our model and their consistency and asymptotic normality are estab-
lished when both N and T are large. Using the asymptotic normality
of the quasi-maximum likelihood estimators, a Wald test can be em-
ployed on the coefficients of the linear combination. Then, a diagnostic
test proposed in Chang et al. (2017) is applied to test whether the fit-
ted residuals perform like a white noise vector in our large N and large
T setting. Simulated and real data are used to demonstrate the per-
formance of the proposed quasi-maximum likelihood estimation and all

above tests.

The third chapter is about the estimation of large integrated volatility
matrix for high frequency data. Besides the microstructure noises and
non-synchronous trading times for high frequency data analysis should
be fixed, the bias in the extreme eigenvalues coming from the high di-
mensionality are also not negligible. A nonparametric eigenvalue regu-
larization proposed in Lam (2016) is applied on three existing volatility
matrix estimators, such as multi-scale, kernel and pre-averaging realized
volatility matrix estimators. One advantage for the proposed estimators
is no need for implicit assumptions on the structure of the true integrated
volatility matrix. It can be proved that the bias in the extreme eigenval-
ues can be shrunk and the regularized volatility estimators are positive
definite in probability. Incidentally, the bias-corrected versions of kernel
and pre-averaging estimators, which have faster rate of convergence at
n~Y* but are not guaranteed to be positive definite in Barndorff-Nielsen
et al. (2011) and Christensen et al. (2010) respectively, are now regu-
larized to be positive definite in probability, and we prove their rates of
convergence to an “ideal” estimator under the spectral norm are also at
n~'4 under p/n — ¢ > 0. Jump and its removal by wavelet method
in Fan and Wang (2007) are also included and all theoretical results are
still hold. All proposed methods are applied on the simulated data. We
also test the performance of the proposed methods on the stocks from
the list "Fifty Most Active Stocks on NYSE” and "Fifty Most Active
Stocks by Dollar Volume on NYSE”.
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Chapter 1

Spatial Lag Model with
Time-lagged Effects and spatial

weight Matrix Estimation

1.1 Introduction

There are always complicated correlation over cross section and time in the real data.
In econometrics, spatial econometrics develop the models to investigate the cross-
sectional interactions. For example, spatial autoregressive model proposed in Cliff
and Ord (1973) is very powerful. Among these models, Anselin et al. (2008) divides
them into four groups. The first type is “pure space recursive” if only a spatial time
lag is included. The second type is “time-space recursive” if both an individual time
lag and a spatial time lag are included. The third type is “time-space simultaneous”
if an individual time lag and a contemporaneous spatial lag are specified. And finally,
the last type is “time-space dynamic” if all forms of lags are included. Besides the
spatial autoregressive model, spatial disturbance autoregressive model is considered
in Elhorst (2005). All these models have been frequently used well in many fields
like regional markets in Keller and Shiue (2007), labour economics in Foote (2007)

or public economics in Franzese and Hays (2007), to name but a few areas.

It is obvious that spatial autoregressive model becomes one of the most active fields
in econometrics and also receives considerable attention from a number of other

fields. However, the correct usage of spatial autoregressive model depends on the
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correct choice of spatial weight matrix whose elements reflect the strength of inter-
action among units in the panel. In plenty of applications of spatial autoregressive
model, the spatial weight matrix is assumed as a prior knowledge. Physical distance
between two units in the panel is often regarded as the inverse measurement of the
interaction between them, so people use d~* as the entry of the spatial weight matrix
where d is the corresponding distance. Naturally, physical distance is not the only
choice for the cross sectional interaction measurement. For example, in economics,
two countries from a same economic organization may have a strong relation in spite
of far distance between them. Even if only considering the physical distance, d—2
or d~3 can also be the candidates. Therefore, it is limited to only use one spatial
weight matrix into the model. Corrado and Fingleton (2012) also criticizes the spa-
tial econometrics due to this misspecification of spatial weight matrix. In Lam and
Souza (2015b), an error upper bound is given for the estimation of spatial regres-
sion parameters, which shows that misspecification of the spatial weight matrix can

introduce large bias in the final estimates.

To avoid the misspecification of the spatial weight matrix in spatial model, non-
parametric models are applied in past researches, see Tran and Yakowitz (1993)
and Hallin et al. (2004) for instance. The Nadaraya-Watson kernel estimator is fre-
quently used for nonparametric regression in econometrics. For example, Robinson
(2011) establishes its consistency and asymptotic distribution theory in a framework
designed for various kinds of spatial data. Koroglu and Sun (2016a) improves the es-
timation accuracy by applying a nonparametric two-stage least squares estimation.
More specifically, the second-step estimators of the unknown functional coefficients
are estimated by local linear regression. However, Kostov (2013) shows that it can
lead to reduced efficiency of the estimators when the sample size is small. On the
other hand, there are also some works assuming the structure of spatial weight ma-
trix. For example, Bhattacharjee and Jensen-Butler (2013) proposes to estimate
such a spatial weight matrix with a symmetric assumption, while Lam and Souza
(2016a) proposes to estimate the block pattern in such a matrix. With the develop-
ment of high dimensional statistics, Ahrens and Bhattacharjee (2015a) considers a
two-step LASSO estimation, which is based on the sparsity assumption of the spatial
weight matrix. Meanwhile, adaptive LASSO is used in Lam and Souza (2015a) to

estimate the spatial weight matrix together with fixed effects in the spatial model.

All methods mentioned above only include contemporaneous spatial effect but no
time-lagged spatial effect to avoid the complexity of the modelling, as one more
time-lagged spatial effect means one more spatial weight matrix should be esti-
mated. However, from the evidence in our real data example, including time-lagged

spatial effect is necessary. In our proposed dynamic spatial model, each spatial
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weight matrix involved is estimated by a linear combination of user-specified spatial
weight matrices. A similar model in Lee and Liu (2010b) is named as high order
spatial autoregressive model. The inclusion of more than one spatial weight matri-
ces can allow spatial dependence from different interaction characteristics such as
geographical contignity and economic interaction. Therefore, it helps to avoid the
risk of misspecification of the spatial weight matrices, while maintaining the overall

parsimony of the model.

As for the high order spatial autoregressive model, Lee and Liu (2010b) and Lee
and Yu (2014a) propose the generalized method of moments estimation. However,
as discussed in Li (2017), when we have a large or moderately large sample size T,
the generalized method of moments gets into trouble of “many moments bias” as the
number of moment conditions also increases dramatically. This point is also men-
tioned in Lee and Yu (2014a) that generalized method of moments requires careful
analysis when 7" — oo. Another solution for the high order spatial autoregressive
model is quasi-maximum likelihood estimation introduced in Yu et al. (2008) and
Li (2017). But it is well known that quasi-maximum likelihood estimation is not
practical and computationally infeasible because of the complex parameter space
and the difficulty in Jacobian determinant evaluation, especially for the proposed

model in this chapter that includes p time-lagged spatial effects.

Therefore, it is prefered to find an efficient estimation but no complicated parameter
space is involved. Therefore, the profiled least square estimation is applied for the
coefficients of linear combinations and covariates. Meanwhile, the innate endogene-
ity in our time-lagged spatial model causing least square type estimation inconsistent
can not be ignored. To overcome this difficulty, we introduce instrument-like vari-
ables. In the particular case when the covariates are exogenous, they themselves can
act as these instrument-like variables. We estimate the “best” linear combination
for each required spatial weight matrix, then an adaptive LASSO can be applied
for highlighting the relative contributions of each specified one. The convergence
and asymptotic normality of all estimators are presented under the functional de-
pendence measurement of time series variables in Wu (2005) or Wu (2011), allowing
both the sample size T" and the panel size N to grow to infinity together. As shown
in our real data analysis, with the input of different specified spatial weight matrices,
the scope of applications of our model is expanded since there are numerous ways

to specify a spatial weight matrix.

The rest of the chapter is organized as follows. Section 1.2 introduces our methodol-
ogy, including the model and the estimation method. Properties of our estimators,
including asymptotic normality are presented in Section 1.3. Simulation results and

real data analysis are reported, respectively, in Section 1.5 and 1.6. The conclusion
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and some relative further studies are listed in Section 1.7. All the technical proofs

are relegated to the Section 1.8.

1.2 Methodology

1.2.1 The Model

Consider the following dynamic spatial lag model
Yt:“+WOYt+W1Yt—1+”'+WP.Yt—p+XtIB+€t’ t=1,....T, (11)

where v, = (Y1, Yo, -, yenv)? is an N x 1 vector of observed time series variables
and p is an N x 1 constant vector. The data starts from y;_,,, and hence the true
sample size is T+ p. It does not affect our asymptotic analysis since p is finite in
this paper. Hereafter when we talk about the sample size, we use T instead of T+ p
for simplicity. For j =0,1,...,p, W; is an N x N spatial weight matrix with 0 on
the main diagonal, which model the simultaneous and dynamic interaction between
different unit in the panel. To capture the dynamic interaction between same unit,
the N x K matrix of covariates X; can contain Vi for j =1,...,p in its columns
on top of other covariates, while 3 is the K x 1 vector of regression coefficients.
The series {€;} is an innovation process with mean 0 and covariance matrix X.. For

more detailed assumptions, see Section 1.8.1.

In many applied spatial econometrics applications, W, is assumed known and there
are no lagged terms Wy, , for j = 1,...,p. Instead of assuming all the spatial
weight matrices are known, in this paper we assume that there are M specified
spatial weight matrices Wy, ¢ = 1,..., M, such that each spatial weight matrix is
a linear combination of the M specified ones. This is motivated by the fact that
there are often more than one measures of spatial interactions. For instance, for the
geographical distance r alone between two specific locations, we can specify three

different entries r—!

, r=2 and 73, creating three specified spatial weight matrices.
These are indeed our distance specifications included in our data application in
Section 1.6. Spatial contiguity is also another popular choice in spatial econometrics.

The linear combination for each W; is written as

M
W, =) 6;Wy,

i=1
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where 0;; for ¢ = 1,...,M, 7 = 0,...,p are unknown coefficients in the proposed

model.

Apart from allowing for estimating the spatial weight matrices from pre-specified
ones, our model also includes time-lagged spatial effects. In a differently specified
spatial lag model, Dou et al. (2016) includes one lag to reflect such effects. We
generalize this to p time-lagged effects, with p to be determined by data driven
methods as described in Section 1.4. The pure dynamic effects are captured by
the term X3, since we can allocate {y; ;,...,¥y; ,} to be the columns in X, so
that then K > p, and K = p if no other covariates are present. Not counting the
parameters in p, there are K + M (p + 1) parameters to be estimated in total.

With p, the spatial fixed effects of the model is then (Iy — W) 'u. For iden-
tifiability of such, we assume without loss of generality that E(X;) = 0. As the
instrumental variable deducts its mean in our methodology, the non-zero p can be
removed. Therefore, our assumption E(X;) = 0 is same as E(y,) = 0. If we do not

have E(X;) = 0, we can write

X8+ p= (X, —E(X,))8+ (n+E(X)B)

so that the spatial fixed effects are now captured by p + E(X )3 rather than p.

1.2.2 Profiled least square estimation with endogeneity

The first important problem needed to be concerned is the endogeneity in model
(1.1). To estimate B and § more efficiently, we assume that there are variables B,
of size N x K such that they are correlated with X; but independent of €, for each
t=1,...,T. In particular, if X is exogenous, we can set B, = X;. To apply the

instrument-like variable B; in the vectorized model, we first define
B=T"'"’N"*(B;~B¢)=T"’N"*’Iye{(Ir(")(B.~B,...,Br—B)"},

where B = T—1 Zthl B,, ¢ = K ' and 1 is K x 1 vector of ones. We set a = 1
in our algorithms. In theory, it is there only to adjust the order of eigenvalues of
some constructs involving B. See the technical assumptions in Section 1.8 for more
details. The value of ¢ is also not the only choice, and we will introduce a way to

choose a data driven one in Section 1.4.3.
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Using B to avoid the inconsistency from endogeneity, we first rewrite (1.1) to present

our model more neatly as
yv=pu 1y + ZoVby+ Z, Vb +---+ ZpV()(Sp + XﬂVGC(IN) + €,

where y = vec(yy,...,yp)", € = vec(ey,...,er)", Z; = Iy ® (iejs- - ,nyj)T and
(5]‘ = <5j1;6j27---,5jM)T fOI‘j = O,]_,...,p, Xﬂ = IN & (IT®BT)(X17...,XT)T,
and Vi = (vec(W{)),...,vec(W{,,)). The notation ® is the Kronecker product,

and 17 defines a vector of ones with size T'. Simplifying, we have
y:[,l,®1T+ZV6+X@VGC(IN)+€, (12)

where Z = (Zy,..., Z,),6 = (8;,...,6,)", and V = I,;,;®V. Then, multiplying

BT on both sides of (1.2), we arrive at the augmented model

B'y=B"ZV§ + B" X gvec(Iy) + Be. (1.3)

The constant term disappears since BT (u® 17) = 0. Removing the N-dimensional
constant term makes estimation much easier, while the error term BTe is now
weaker in correlations with the design matrix BT Z V', so that least square estimation

becomes viable again.

After introducing B serving as instrumental variable, same as Lam and Souza
(2018), we can apply profiled least square estimation on the augmented model to
avoid the nonlinearity and to reduce variance if we estimate 3 and § simultaneously.
More specifically, to profile out 3 and estimate &, we rewrite the augmented model

as

M p M
Byt =B (Y _6aWi)yh+ B> (> 6,;Wi)yt+ B X8+ B"e",
1=1

j=1 i=1

where y? = (y{_j,...,y%jfj)T for j =0,1,...,p, € = (eI ,...,el)T, B" = ((B; —
B ... (Br—B)", X =(XT,..., X)) and W§ = I;@W; fori=1,..., M.

Assuming 6 is known, we can estimate 3 by the least squared method, resulting in

M p M
B(5) = (XTBUB”TX)—leB”B”T{(ITN = Wi -> O 5jz'W8’i)Y§}-
i=1 j=1 i=1

(1.4)
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This formula provides a basis for a profile least square estimator for . We can show
that by substituting the above into the augmented model (1.3), the profile least

square estimator for & is

§={(H-B"2zV)'(H-B"2zV)}""(H - B"ZzV)"(Ky, — BTy), (15)

T
K=T"N"“? X,®(B,— B)¢)(X"B'B""X)"'X"B'B"",

t=1

H=K[W§, Wi, IueyIy®yl, . . Iyey).

Therefore, with b , the profile least square estimator of 3 is given by

M P M
ﬁ _ B(‘s) _ (XTBUBUTX)leTBvBUT{(ITN_Z 5OZW;®)}/8—Z( (SJZWZ@)Y;]}

i=1 j=1 i=1

Finally, to estimate p, we can use

p M
[:l, == (IN - Z W]>5/'— XB, where Wj == ZSJZWOZ
=1

J=0

The corresponding spatial fixed effects estimator is then given by (Iy — ‘/470)_1 [

1.2.3 Selection of specified spatial weight matrices

As the specified spatial weight matrices W, are arbitrary, it is not necessary that all
of them should be included. Since 8 is a least square-type estimator, each element
in it is not estimated to be exactly 0 in general. This hinders the selection of the
specified spatial weight matrices, which is important for us to see which one truely
contributes to the overall spatial weight matrix and which one does not. Especially,
the different time-lagged spatial effects shown by the corresponding spatial weight
matrix W ; can have the different selection on the specified spatial weight matrices.
It is true that some spatial characteristics can have the delayed impact, which is

also reflected by our real data example in Section 1.6.

As a classical model selection method, LASSO needs irrepresentable condition to

make the estimator sparse and have sign consistency. As discussed in Lam and
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Souza (2018), the tuning parameter used in LASSO is same for all element, which
causing excessive penalization by larger tuning parameter or insufficient penaliza-
tion by smaller tuning parameter. To resolve this, Zou (2006) propose a method
named adaptive LASSO. On the other hand, compared with SCAD penalty pro-
posed in Fan and Li (2001), adaptive LASSO still enjoys convexity. Therefore, it
has computational efficiency and can apply the same algorithm as standard LASSO.

To handle the selection of specified spatial weight matrices, we apply the penalized
profiled least square estimator 5 for & same as the way used in Lam and Souza
(2018), with

- 1
6= arg;ninﬁHBTy — B"ZV§ — B" X ggvec(Iy)|? + yru’lé], (1.7)
where w = (|601]™% .., [domtls - 0] 7Y oo [6,0] )7, and || represents the

same vector 6 with all its entries taken absolute value. The penalty term in (1.7) is
similar to the adaptive LASSO proposed in Zou (2006), which shows a better per-
formance in model selection than standard LASSO. A more direct penalized least

square formulation is given by
~ 1
0= argminﬁHBTy— (B"ZV — H)6 — g||> +yru”|8|, where
b

T
g= T—I/QN—a/2<Z X, ® (Bt _ B)C)(XTBUBUTX)_IXTBUBUTYU.

t=1

The tuning parameter 7 can be found in Assumption R6 in Section 1.8. For

choosing an appropriate 7 in practice, see Section 1.4.2.

1.3 Theoretical Properties

We define some notations first before we present the time dependence measurement
from Wu (2005) and our theoretical properties of all estimators. Compared with
classic mixing condition, Wu (2005) discusses that, for stationary causal processes,
the calculation of probabilistic dependence measures is generally not easy because
it involves the complicated manipulation of taking the supremum over two sigma

algebras. Additionally, many well-known processes are not strong mixing.

Let {b;} = {vec(By;)} and {x;} = {vec(X;)} be the vectorized processes for { B;}
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and {X} respectively, both with length NK. For ¢t =1,...,T, we assume that

x, = {[i(F) h<jeni, b ={9;(G) hejenk, € = {(Hi) h<icn,

where the f;(-), g;(-) and hy(-) are measurable functions defined on the real line, and
let the shift process F; = (..., €z4-1,€xt), Gt = (oos €pi—1, €pt) and Hy = (.., € -1, €ct)
are defined by independent and identically distributed processes {e,:}, {es:} and
{ec+} respectively, with {e;.;} independent of {e.;} but correlated with {e,.}.

To build the asymptotic normality results for the estimators, we apply the functional
dependence measure introduced in Wu (2005) for gauging the serial dependence of

a process. For d > 0, define

Fag = g — aijlla = (Elay — 2,

etb,d,j = ||btj - b:thd = (E|btj - b;j|d)1/da

Q;d,l = |lea — €;z||d = (E|€tl - E:fl’d)l/da

where j =1,.. . NK, [ =1,...,N and z}; = fj(F]), F{ = (-1, €2,-1, €40, €15 -+ Cart),
with €/, , independent of all other e, ;’s. Hence xj; is a coupled version of xy; with
ez, replaced by an independent and identically distributed copy e/, ,. Intuitively, a
large 07, ; means that serial correlation is strong at least for variables at most time

t apart. Finally, we have similar definitions for b}; and €};.

1.3.1 Main assumptions

We introduce some assumptions for our theorems to hold. First, we denote the L
norm ||v||; = Zf\il |v;| for a N x 1 vector v whose ith element is v;. More technical

assumptions are moved to Section 1.8 to help the flow of this chapter.

M1. The elements in all W,’s can be negative and W itself can be asymmetric.

Moreover, defining S = {s = 1,..., K|The sth column of X, contains y, ;,, | =
1,...,p}, we assume S0 60| < 1 and > SV 105+ Y oses |Bs] < 1.

M2. The processes {B;}, {X;} and {€;} are second-order stationary, with {X,}
and {€;} having zero means, and {B;} independent of {¢;}. The tail condition
P(|Z] > v) < Dy exp(—D9v?) is satisfied for the variables By ji, X; i and €
by the same constants Dy, D, and q.
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M3. Define

er = max 0% . O — max #° . O°f = max 605 ..
m,a 1<j<NK t,a,7 m,a 1<j<NK t,a,7 m,a 1<j<N t,a,j
t=m t=m t=m
T b € —a :
Then we assume that for some w > 2, O7 5,0, 5,,0;,,, < Cm™ with

a,C > 0 being constants that can depend on w.

M4. (Identification condition) Assume that the two sets of parameters (6, 3") and
(6°,8°) both satisfy the proposed model (1.2). Write § = (6¢)1<s<m(pt1), and
define the set H to be

H={t:6; #0 or ¢; #0}.

Then the identification condition is that the matrix OT O has all its eigenvalues

uniformly bounded away from 0, where

O = (T"V*E(BT"ZVy), T7?E(BT X)), and

T
X = (CL‘Ll,...,ZBTJ,...73317N,...7$T7N> .

The notation Ay means that the matrix A has columns restricted to the set
H, while ng is the jth row of X;.

Assumption M1 ensures that our model has a reduced form
Yt = Hl’l’—{_HWlthfl_'_' ' '+HWpyt7p+HXtIB+H€t7 H = (IN_W)_17 = 17 cee aT'

The matrix IT exists with the assumption Zf\il |00;| < 1. Since row-standardization

means ||W0il|oo = 1, the condition > *_, Z?il |05i| +> e |Bs| < 1 implies that each
M

(Wil < i 105

assuming S = ¢ and writing the model as

WOiHoo < 1. At the same time, without loss of generality

®(L)y, =Np+1X,0+1le, ®(L)= Iy -TOW.L—-- —IIW,L7),

where L is the lag operator, then stationarity is ensured if det(®(z)) = 0 has all
roots lying outside the unit circle. This is ensured by the condition > %, SM 165+
> ses |Bs] < 1, which is thus a sufficient condition for stationarity. In practice, we

implement these restrictions when finding d in Section 1.2.3.
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The Assumption M2 and M3 are also used in Lam and Souza (2018). The indepen-
dence between {B;} and {€;} in M2 ensures that {B,} serves a function similar to
an instrument for model (1.2). More details about the dependence between {B;}
and {X;} are shown in Assumption R3 and R4 in Section 1.8.1.

The tail condition in M2 implies that all the random variables involved are with sub-
exponential tails, which is a relaxation to strict normality. The different constants
for {B;}, {X:} and {€;} process are finally dominated by the maximum one among

them. Therefore, to simplify, we assume they are same in our proof.

Similar to Definition 3 in Wu (2005) for stability measurement, O7 < Cm™@

m,2w

in M3 essentially means that the strongest serial dependence for the x;;’s with at
least m time units apart is decaying polynomially as m increases. It allows for the

application of a Nagaev-type inequality in Lemma 1 in the Section 1.8 for our results

to hold.

1.3.2 Identification of the model

To explain condition M4 about identification of the model more specifically, we
assume that we have two sets of parameters (8*,") and (3%, §°) that satisfy model
(1.2). Then we have

0=B"ZVy(§y —6%) + B Xg_govec(Iy),
and we can write
TS (B, — B)¢x!, (B - B°)
T~V2BT X g« _govec(Iy) = N~/?
TS (B, — B)¢xI (8" — B°)
_ T_1/2BTX(B* . 180)7

so that
& —69
T2BTzv, T'2B x| " " | =o.
g —p°

Hence taking expectation and multiplying OF on both sides and then (O7O)7!,
with condition M4, we can show that 3 = 6% and 3" = 3°. Since |H| < M(p+1)
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and K are finite and N? is much larger than |H| + K, assuming O whose size is
N? x (|H| + K) has full rank is reasonable.

1.3.3 Main results

To show the main theorem, we define Ay = ¢I'~"/2log"*(T v N), where ¢ > 0 is
a constant. In all theorems presented here, we assume that o > 1/2 — 1/w in

Assumption M3, which is part of the further assumptions listed in the Section 1.8.

Theorem 1. Let the assumptions in Section 1.3.1 and in Theorem &5 hold. The
estimators & in (1.5) and B in (1.6) satisfy

16 — 8], = Op(Ap N~V2H1/20)  gnd

HB - BHl = Op()\TNfl/QJrl/Zw).

Same as Lam and Souza (2018), w > 2 is assumed in M3, the above immediately
implies |3 — 8|1, |6 — &1 — 0 in probability. First, it makes sense as T — 0o, as
T is the sample size in our setting. It also makes perfect sense as N — oo since we
are accumulating more information cross-sectionally for the finite-sized parameters
d and 3 as N goes to infinity. Second, 8 and B converge to the corresponding true
values at the same rate which matches the fact shown in (1.6) that B is expressed
by 5. Then we present the asymptotic normality of ,[A")' and 8 in the following two

theorems.

Theorem 2. Let the assumptions in Section 1.3.1 and in Theorem 5 hold. Moreover,

use the predictive dependence measures defined in Wu (2005) as
Pg(Bt,qk) = E(Bqk|G0) — E(BrgklG-1), Pg(etqr) = Elerqn|Ho) — EerqnH-1),
where Gy and H; are defined in Section 1.3. Assume

b <oo, ),
- R 1P (Bra )l < o0, £ 1<EN

Then we have

V288 - B) B N(0, Ik),

where

S =M,Y_ _,E(Ble€el B, )M]| and M, = (E(X] B,)E(B] X)) 'E(X] B,).

TEL
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Theorem 3. Let the assumptions in Section 1.53.1 and in Theorem 5 hold. Assume
that the predictive dependence measures PYy(By ) and P(e;q) are as defined in

Theorem 2 with the same assumptions applied. Then
TV255 28 — 8) 2 N(0, Tnsgpin)),
where g = Mo(S1 4+ Sy — S3 — S3T)M2T, and

S =) E(MB], €. .. BIM")

TEZL

S2 = Z [E(GtEtTJrT) X E(BtCCTB;+T)T] ’
TEZL

Sg = Z ]E(MB?+T€1€+T(VeC(Btcez))T)7
TEZL

My = {(Hy — Hy)" (Hy — Hyo)} ' (Ha — Hyo)", with
Hy = Iy @E((B; — B)Cy,),...,In @ E((B; = B)¢y;_,)|V,
Hy = ME(B, — BYWauy,),....,E(B; — B)"Wyuy,),. ..,

E(B:— B)"Woy,_,),...,E(B: — B)" Wouny,_,)],

where M = E(X, @ (B, — B)¢) [E(XT B)E(BT X,)] ' E(XTB,).

Similar to the convergence property found in Theorem 1, these two theorems are also
important, since they provide the tools for practical data analysis such as hypothesis

testing and confidence intervals construction.

In practice, we need to consider the infinite summation over 7 and the high dimension
matrix calculation when the above asymptotic normality results are applied. More
specifically, when calculating 33 and 35, we calculate sample means to replace the
corresponding expectations. For the infinite summations in 7 in S; to S3, we check if
the matrix at a particular 7 has very small elements overall by calculating Frobenius
norm. If so, we discard the whole matrix and all the matrices beyond this particular
7. In the real data analysis in Section 1.6, we find that we always discard those with
T > 5. See Section 1.4.1 for further treatments regarding the estimation of the high

dimensional matrices S; to Ss.

Theorem 4. (Oracle property for 5) Let the assumptions in Section 1.3.1 and in
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Theorem 5 hold. Then as T, N — oo, with probability approaching 1,
31gn(5H) = sign(ég), SHC = 0,

where H = {¢ : 6 # 0} and ¢ = 1,...,M(p + 1). Moreover, let the predictive
dependence measures PY(By ) and Py(erq) be as defined in Theorem 2 with the

same assumptions applied. Then
T2 %8y — 6) 2 N(0, L1y,

U)h@?"e 23 = M3<Sl + SQ — Sg — Sg)Mg, and M3 = {(Hgo — HlO),]]j[(HZO —
Hio)u} Y(Hoy — Hio)}

As the usage of adaptive LASSO, we can build the oracle property for J to carry out
the selection of the specified spatial weight matrices by the penalized estimator 5,
and the usual inferences on the non-zero elements in §. The practical performances
of these estimators and the asymptotic normality results are presented in Section
1.5.

1.4 Practical Implementation

1.4.1 Regularized matrix estimation of s and X3

As discussed in Theorem 3 and 4, the definitions of S; to S3 involve some high
dimensional matrices to be estimated. Since S; to Ss are in fact all N? x N2, in
this paper we regularize S; and S by banding them directly (see Bickel and Levina
(2008) for more details). As for the banding width used in our simulation and real
data analysis, we apply the 5-fold cross-validation procedure suggested in Bickel and
Levina (2008). It is found that that retaining only two off-diagonals (two upper and
two lower, while setting 0 in all other off-diagonals) when 7 = 0, and retaining only
one when |7| > 1 in the infinite summations in Sy, Sy and S3 achieves good results
when N is moderate to large. Again similar to the discussion after Theorem 3, when
|T| > 5, we set the matrices inside the summations in the definitions of S; to S3 to
exactly zero. For Sy, there are two N x N matrices E(e.€l, ) and E(B:¢¢" B},,).
We band them separately, again retaining only two off-diagonals each when 7 = 0,
and only one when |7| > 1. It is also suggested for users to apply this idea in
practice, as our method performs very well on both the simulated and real data as
shown in Section (1.5) and (1.6).
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1.4.2 Choice of the number of time lags p, and ~p

In our analysis, we assume that p in model (1.1) is prescribed and finite. Same as
Lam and Souza (2018), for practical data analysis, we choose p by minimizing the
following BIC criterion:

_ - logT
BIC(p) = log(N~'||B"y — B"ZV — B" X gvec(Iy)|]*) +p =

log(logT’), (1.8)

which follows the one in Wang et al. (2009). Wang et al. (2009) shows that this
modified BIC is consistent in model selection, which is correct regardless of whether
the dimension of the true model is finite or diverging. Section 1.5 also shows the
desirable performance in practice. Note that in the definition of B, there is a rate a
which is unknown. However, because of the logarithmic operation in the first term

in BIC(p), the value of a does not change where the minimum of BIC(p) is achieved.

For the choice of yr, we use the BIC criterion above, but with 5 replaced by B , SO
that we are effectively choosing p and 7 together. Cross validation can also work
for the choice of the number of time lags p and ~r, but we apply the above BIC

criterion for the computational efficiency.

1.4.3 Choice of ( in B

We have set { = K '1x as fixed in the definition of B in Section 1.2.2. In fact
this can be estimated to provide maximal correlation between B and the response

variable y, through two-stage least squares. Consider the model
Vi = a+ Bi§ + vy,

where a is an N x 1 vector of unknown coefficients, and ¢ is the K x 1 vector of

coefficients we want to estimate. To get & , we can consider the problem
T
. 2
min} [y, — e = B,
t=1
with solution

(B:— B)"(y, — 7).

(= (Y (BB (B.-B))

T T
t=1 t=
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Implementing this does not change our proofs, since it is easy to show that H& Hl =
Op(1), which substitutes HE”1 = 1 in all of our proofs. We have tried this in our
simulations and real data analysis, and the practical differences between using this

and ¢ = K 'l is negligible.

1.5 Simulation Experiments

1.5.1 Setting and results

To generate y, through model (1.1), we generate X, by using vec(X;) = 0.2 1x ®
€ + €X with K = 3, where €; ~ N(0,Iy) is the innovation series for model (1.1),
with the €;’s being independent of each other. The €X’s are independent of each
other and of other variables, with €X ~ N(0,Xx), and

2Iy 0.5IN 051y
EX = 05IN 2IN O5IN
0.5y 051y 2Iyn

Since X; depends on €;, we set B; to be such that vec(B;) = 0.7¢X + €2, where
the €B’s are drawn independently from the same distribution as €, and they are

independent of all other variables.

We set M = 3 and p = 2 for the model. Each element of 3 and § is generated inde-
pendently from the uniform distribution U(0,1). Elements in é are then randomly
chosen to be 0 while maintaining p = 2. To make sure the stationarity of {y,}, every
element in B and & is then divided by 1.1 times the absolute sum of all elements in

B3 and & respectively.

For the M = 3 specified spatial weight matrices, to facilitate stationarity of the
model, we construct each W ; such that only the first three off-diagonals (upper and
lower) have non-zero elements. This way, as N increases, we can still control the
eigenvalues of W to be less than 1 in magnitude. In another setting, we generate
an orthogonal matrix V; and a diagonal matrix D; with all values in D; to be less
than 1 in magnitude, such that W,; = V,D,; V7. Ultimately, both settings achieves

very similar results, and hence we only show the results of the former setting.

We repeat our simulations for 500 times, and report the averaged Li-error for B
and & (i.c., respectively, ||f3 - [3”1/3 =37 |B; — 5| /3 and Hg — 6l[,/9) in Figure
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Figure 1.1: Boxplots of averaged L; errors. Upper row: Zle ]B\Z — Bi|/3. Bottom

row: ||;5\ — 5”1/9. Left column (from left to right): N = 40,80, 120,7 = 60. Right
column (from left to right): 7" = 40, 80,120, N = 60.
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Figure 1.2: Histograms and normal probability plots for standardized Bl (upper
row) and 013 (lower row) with N = T = 80. Standardization used respectively the
asymptotic results from Theorem 2 and 3.
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1.1, which illustrates the convergence of B and & respectively as N,T" or both gets

larger.

Next we consider the asymptotic normality of B and §. We choose 31 and 3173 with
(N, T) = (80,80) as examples for illustration. For each simulation, we construct j3;
and 5\173, and standardize them according to the asymptotic results in Theorem 2
and Theorem 3 respectively. Figure 1.2 shows histograms and normal probability
plots of the standardized estimators. They both show good fit for a standard normal
distribution. It means that the asymptotic variance formulae in Theorem 2 and 3 are
reliable for inference, and the way that we estimate any high dimensional covariance
matrices mentioned in Section 1.4.1 helps in achieving an accurate estimation of the
covariance matrices for B and 8. We actually get very similar good fits for the non-
zero components of 8, showing the asymptotic normality in Theorem 4 is reliable as

well. The results are omitted here to save space.

On top of asymptotic normality, d also enjoys sign consistency as shown in Theorem
4. We illustrate the selection consistency of § in practice by calculating the specificity
(i.e., proportion of correctly identified zeros) and the sensitivity (i.e., proportion of
correctly identified non-zeros) of 5. Table 1.1 shows that at various combinations of
(N, T), the sensitivity and specificity are all 100%, showing perfect identifications
of zeros and non-zeros. The table also shows the decreasing error for B and & as N

or T’ increases.

T=40 T=80 T=120
18—8|l, 9.06(3.58) 6.26(1.04) 3.16(0.58)

N=60 [6—6|; 0.13(0.05) 0.05(0.04) 0.02(0.02)
& Specificity  100%(0)  100%(0)  100%(0)

J Sensitivity  100%(0)  100%(0)  100%(0)

N=40 N=80 N=120

18— 8|l 7.60(0.89) 6.24(0.77) 3.51(0.65)

T=60 [[6—4|; 0.02(0.01) 0.01(0.00) 0.00(0.00)
& Specificity  100%(0)  100%(0)  100%(0)

d Sensitivity  100%(0)  100%(0)  100%(0)

Table 1.1: Mean L, error for B and 8. Standard deviations are shown in brackets.
Sensitivity and specificity of § are also shown for various combinations of T', N. The
values of ||3 — ﬁHl are multiplied by 10%.

1.5.2 Cross-sectional dependence in the innovation

Same as the simulation setting used in Section 1.5.1, a strong cross-sectional depen-

dent error is also considered in our simulation, where its i,jth element covariance
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matrix 3§, = a7l and o = 0.8. The results about the proposed estimators are
shown in Table 1.2 when different combinations of sample size T and panel dimen-
sion are used. First, the spatial weight matrix selection results are still perfect, as
all values of & Specificity and Sensitivity are 100% for different T and N. Secondly,
the mean L, errors for 3 and & become significantly large than the simulation where
there is no cross=sectional dependence in the innovation process generation. How-
ever, with the increase of sample size T or panel dimension N, the mean L, errors

for B and & decrease.

T=40 T=80 T =120
18— 8|l 45.3(11.9) 34.6(12.4) 26.66(10.5)
N=80 |[6—6|y 20200.70) 1.67(0.42) 1.51(0.54)
d Specificity  100%(0)  100%(0)  100%(0)
d Sensitivity  100%(0)  100%(0)  100%(0)
N=40 N=80 N=120
18 —Bl1 47.7(22.7) 34.6(12.4) 28.0(10.8)
T=80 |6—46|; 1.88(0.61) 1.67(0.42) 1.63(0.45)
d Specificity  100%(0)  100%(0)  100%(0)
d Sensitivity  100%(0)  100%(0)  100%(0)

Table 1.2: Mean L error for B and 8 when innovation process contains cross-
sectional dependence. Standard deviations are shown in brackets. Sensitivity and
specificity of § are also shown for various combinations of T, N. The values of

HB - ﬁHl are multiplied by 10%.

1.5.3 Performance of BIC for choosing p

To examiner the performance of the BIC defined in (1.8), we run our simulations
100 times for each particular (IV,7') combination using the same setting as before,
except that each time p is randomly generated from 1 to 7. With each simulation,
we construct the positive selection rate (PSR) and the false discovery rate (FDR),
defined as

100 100
PSR — Zj:l |5; N 50,4 FDR — Zj:l |5; N 36,j|
- 100 ) - 100 ’
Zj:l 50,1 Zj:l |5;|

where sg ; represents the index set for all d;. that should be included in the model
at the jth repetition. Since we do not set J;. to be exactly 0 in this experiment,
we have |sg ;| = pM = 3p, where p is in fact different for different j. The set s
is the index set for all 3\” estimated when p is estimated as p*. Clearly, if p* < p,
then [s} N s ;| = [s}] and |s} N s§ ;| = 0, meaning we may not be having the whole

true set sq; but we do not falsely “discover” something that is not in sy ;. On the
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other hand, if p* > p, then |s7 N sg;| = [so;| and [s} N s ;| > 0, meaning we have
included all that are in s j, but we have falsely “discovered” something outside of
s50,;. Hence in a sense, PSR measures an average number of times where we do not
underestimate p, while FDR measures an average number of times we overestimate
p. Ideally, we want PSR=100% while FDR = 0%. These two measures are also used
in Chen and Chen (2008) and Chen and Chen (2012) in different contexts.

T=40 T =50 T=60

N =50 PSR 100.00% 100.00% 98.00%
FDR  2.00% 0.00% 0.00%

N=40 N=50 N =60

T =50 PSR 98.00% 100.00% 100.00%
FDR  0.00% 0.00% 2.00%

Table 1.3: Positive selection rate (PSR) and false discovery rate (FDR) for the choice
of p using BIC defined in (1.8).

Table 1.3 shows the results. Our BIC definitely performs very well with PSR almost
always equal 100% and FDR 0% in various (N,T') combinations.

1.6 Analysis of Stock Return Data

Spatial lag model has been widely applied to economic or geographic data, yet
financial data is rarely analyzed using spatial econometrics tools. We illustrate the
performance of our model using the daily log-returns of 32 important stocks shown in
the following table in the Euro Stoxx 50 and S&P 500 in 2015. Our aim is to analyze
the spatial interactions of these stocks and to see how different macroeconomic and

financial indicators affect the dynamics of the returns.

Arnold et al. (2013a) illustrates, with the help of a spatial lag model, that the stocks
belonging to the same country or the same industry are more related to each other, in
the sense that spatial interactions of the log-returns are stronger. They analyze the
Euro Stoxx 50 stock returns using a combination of three adjacency matrices as an
estimator for the spatial weight matrix in their model. The first one being the weight
of the stocks in Euro Stoxx 50, and the second and third ones being the adjacency
matrices corresponding to the same industry and to the same country, respectively.
They found that all these matrices contribute to the final spatial weight matrix in
their model, and improves risk estimation in a portfolio allocation exercise. However,
no selection and inferences on the estimated parameters are performed due to the

lack of regularization and asymptotic results for the estimators.
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France Alstom, Total, BNP, Scociete,
Sanofi, Carrefour, LVMH, Vivendi

Germany Daimler, Allianz, Deutsche Bank
Italy ENEL, ENI, Intesa, Unicredit, Tele Italy
Spain Repsol, Banco, Telefonica

UsS GM, PG, Nextera, American Express,

Citi, Wells Frago, Amgen, Gilead,
Johnson, Costco, Home, Centurylink, Verizon
Energy Alstom, Total, ENEL, ENI, Repsol, PG, Nextera
Finance BNP, Scociete, Allianz, Deutsche Bank,
Intesa, Unicredit, Banco, American Express,

Citi, Wells Fargo

Pharmacy Sanofi, Amgen, Gilead, Johnson
Retails Carrefour, LVMH, Costco, Home

Telecom | Vivendi, Tele Italy, Telefonica, Centurylink, Verizon
Auto Daimler, GM

To fill in this gap and generalize on their model, we include four types of spa-
tial weight matrix specifications instead of only three matrices as in Arnold et al.
(2013a). The first type is on the physical distance d;; between city 7 and j where
the headquarters of the stocks’ associated companies are built. As stock market is
significantly affected by the local economy and, in spatial economy research, physi-
cal distance is commonly used. In our case, three specified spatial weight matrices
with elements 1/d;;, 1/d; and 1/d}; are included for selection. The second to fourth
types coincide with the three matrices specified in Arnold et al. (2013a). Namely,
one contains the weight of stocks in Euro Stoxx 50 or S&P 500, and the remaining
two having (7, j)th element equal to 1 if the corresponding stocks belong to the same
industry or country respectively. This way, we have M = 6 specified spatial weight
matrices for selection in our model. We have done row standardization on all of

these six matrices.

As for the covariates X, we use the Fama-French three factors (excess return =
market return - risk free rate, SMB = Small (market capitalization) Minus Big,
HML = High (book-to-market ratio) Minus Low), national stock index (S&P 500,
CAC40, DAX, IBEX or MIB) and the corresponding European or US industry index
for each stock. Hence K =5, and we are treating these as exogenous covariates, so
we set By = X, the same as the covariates. Minimizing the BIC defined in (1.8)

results in p = 1.

Table 1.4 shows the values of 8. Clearly, stock weight in their respective market
indices do not contribute to the two spatial weight matrices Wy and W . However,
the adjacency matrices for country and industry do contribute to both of the spatial

weight matrices. For physical distance, clearly, a traditional approach where one
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1/d 1/d? 1/d®>  Stock weight ~ Country  Industry

do; -0.0052  0.0811  -0.3880 0 0.0001 0.3122
(0.0015) (0.0036) (0.0497) (—) (107°) (0.0346)
01 0 0 -0.0612 0 2.22 x 1075 0.0610
(—) (—) (0.0062) (—) (6.1 x 1075)  (0.0051)
Market excess return SMB HML
B 1.516(0.616) —4.884(2.662) 1.869(0.841)
National Index Industry Index
6 14.788(5.563) 19.746(10.274)

Table 1.4: The values of § and B, where p = 1 and v = 1.6438 are chosen by
minimizing the BIC defined in (1.8). Estimated standard deviations are in brackets.

All values associate with B are multiplied by 106.

chooses a distance 1/d, 1/d* or 1/d?® for the spatial weight matrix would fail, since
it is clear that all three specified spatial weight matrices are significant and cannot
be omitted for Wy. Only the one for 1/d? is significant to W though. In the
same table, we can see that all factors in X, are at least marginally significant,
with national and industry indices play a more important role practically than the

Fama-French three factors.

Figure 1.3 shows the heat map of the spatial weight matrices Wy and W. It is clear
that there are some block patterns in these matrices, which mainly represent stocks
in the same country or industry. Meanwhile, they are related strongly with each
other in general if they are all from Europe or US, with France and Italy showing
strong connections. It is interesting to note that the ninth stock Daimler, and the
twentieth stock GM, are related to each other (two bright yellow dots on both W
and W), although they belong to Germany and US auto-industry respectively.
Since Daimler owns part of GM by spin-offs, the relation itself is not surprising.
However, it means that our method of taking linear combination of different specified
spatial weight matrices can indeed reflect a general pattern of spatial interactions.

In W, we can also find some blocks for stocks in Germany and Spain.

1.7 Conclusion

In this chapter, we derive the properties of profiled least square estimation of the
time-space dynamic model that can contain contemporaneous spatial effect, individ-

ual time-lagged effects and spatial time-lagged effects. The convergence properties

33



%1073

Figure 1.3: Upper: The estimate of W . Lower: The estimate of W;. From 1 to
32, the stocks are Alstom, Total, BNP, Scociete, Sanofi, Carrefour, LVMH, Vivendi,
Daimler, Allianz, Deutsche Bank, ENEL, ENI, Intesa, Unicredit, Tele Italy,Repsol,
Banco, Telefonica, GM, PG, Nextera, American Express, Citi, Wells Frago, Amgen,
Gilead, Johnson, Costco, Home, Centurylink and Verizon respectively.
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and the asymptotic normality results are built in the case when both the sample
size T and panel dimension N go to infinity. Using instrument-like variables, the

inconsistency from innate endogeneity in least square estimators can be fixed.

Our model uses different linear combination of a set of specified spatial weight
matrices for different spatial effects to avoid the misspecification. However, it is
highly likely that some irrelevant spatial weight matrices are considered into the
model, which may cause a new bias for the spatial weight matrix estimation. A
further selection on spatial weight matrices included into our model is applied by
adaptive LASSO proposed in Zou (2006), which can reflect which spatial weight

matrices truly contribute which ones do not.

As for the prediction ability of our model, it is easy to have the predictive value by:
Vo= - WO)il(ﬂ +Wiy g+ + Wth—p + X0).

Same as the most of VAR (Vector AutoRegression) model, our model dose not have
a good predictive ability when the panel dimension N is large. The estimated inverse
matrix in the above predictive model do not perform well, which causes the predictive
values inaccurate. However, the main goal of this Chapter is to construct the spatial
weight matrix by high order spatial autoregression model and do a selection on the
candidates of specified spatial weight matrices. We can leave the forecasting problem

as a future work.

For the future study, first of all, the fixed M assumed in the proposed method can be
extended to infinite M to reflect the practical reality that richness of a parametric
model often deepens with sample size. Furthermore, it may be of interest to increase
the efficiency of spatial weight matrix estimation. As known, adaptive LASSO is
good in spatial weight matrices selection, however, it introduces some bias into the
spatial weight matrix estimation as the sacrifice of sparseness. In Lam and Souza
(2015¢), adding a potentially sparse adjustment matrix for contemporaneous spatial
effect is discussed, which can be extended to dynamic spatial model we proposed
in this chapter. In the case of p is not large, quasi-maximum likelihood estimation
can also be applied, especially when the instrument-like variable is not available.
The last but not the least, we can still apply the proposed method but replace the
Ly penalty by ridge regularization, which performs better in estimation but not in

selection. We will investigate these approaches in a future work.
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1.8 Proof

1.8.1 Technical assumptions

Before the proof is provided, we present and explain more technical assumptions of

the paper in this section. Most of these assumptions are extended from Lam and
Souza (2015a).

RI1.

R2.

R3.

R4.

R5.

The column vectors vec(W7¢,) in Vg are linearly independent to each other,
such that there exists a constant u > 0 with 0%,(V) > « > 0 uniformly as
N — o0, where 0;(A) is the ith largest singular value of a matrix A. Moreover,

maxi<;<ym ||[Woill1 < ¢ <1 uniformly as N — oo for some constant ¢ > 0.

Write €, = X1/%€!, where X, is the covariance matrix for €,. Then the elements
2

max

in 3. are all less than o7, uniformly as N — oco. Same for the variance of the
elements in B;. We also assume ||X?|| < S. < oo uniformly as N — oo,
with {€};}1<j<n being a martingale difference with respect to the filtration
generated by o(€;y, ..., €; ;). The tail condition P(|Z| > v) < Dy exp(—Dqv?)

is also satisfied by €; ;.

All singular values of E(X ! B,) are uniformly larger than Nu for some constant
u > 0, while the maximum singular value is also of order N. Individual entries

in the matrix E(a,b] ) are uniformly bounded away from infinity.

For the same constant a, we have for each N

N

T
12%}}\7 Z H]E(Z; bei®;_g ;)
>

J=1

S Cba:Na

‘max

N
,  max E HE(g b.x] )
max ISJSN — ? q,]
1=

q>0

where Cy, > 0 is a constant and b;;, «;; are the column vectors for the ith
row of B, and jth row of X, respectively. At the same time, assume also that
E(X; ® B;¢) has all singular values of order N

Assume 0 < b < 1. For fixed = 1,..., K, the eigenvalues of N var(B;)
and var(er) are uniformly bounded away from 0 and infinity, and respectively
dominates the singular values of the sum of N~’cov(By;, 4, Bsx) over 7 # 0
and the sum of E(e€/, ) over 7 # 0. Also, for each ¢ = 1,..., N, we assume
that

ZUi(N_bCOV(Bt+T,k,Bt7k)) < 00, Za’i (E(€t€t+r)) < .

T
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R6. Define A\p = cT‘l/Qlogl/z(T V N) for some constant ¢ > 0. The tuning param-
eter v is such that v = C'A\p for some constant C' > 0.

R7. In all the assumptions above, we assume that as N, T — oo, Ap N17% = o(1),
N1/ wlog™(TV N) = o(1), log(T vV N)N/*=b = (1) and N*=@ = o(T \p).

Assumption R1 essentially requires that each specification W, is different from one
another to a certain extent. This is intuitive, since if W; and W, are too similar
to each other, the coefficients d;; and ¢; are not well defined, and this will have a

negative impact on the performance of our estimators.

The assumptions on ¥, in R2 is mainly for the convenience of proofs, while the

martingale difference assumption for €, is a relaxation to independence.

Assumptions R3 and R4 are closely related. They paint a picture of how the ex-
ogenous variables in B, are correlated with X,_,. Assumption R3 essentially says
that the covariance between a variable in B; and one in X, is finite uniformly as
N — oco. Then for k = 1,..., K, considering the kth diagonal entry of E(X! B,)
is Zjvzl E(X; jx B 1) with each E(X, ;1B ji) being finite, it is indeed reasonable to
assume that each diagonal entry in the matrix is of order N. This assumption is
needed for the estimator 3 = 3(9) to be well-defined.

Assumption R4 essentially describes how each row of variables in By are correlated
with different rows of variables in X ;. With this, we can actually derive easily that
|E(X; ® Bi)||; has order at most N'*®. Hence the assumption of having all the
singular values of E(X; ® B;() of order N'™ is reasonable.

Assumption R5 assumes a rate for the singular values of var(By ) essentially, which
is important in certain asymptotic normality results. The rate N°, possibly differing
from N¢, is reasonable as well since the way that B; and X, are correlated do not
directly indicate how the variables in B, itself are correlated, unless of course when
B; = X, where X itself is exogenous, in which case a = b. The variance-covariance
matrix being dominating the lag 7 auto-covariances is for the ease of presentation

of rates of convergence in the asymptotic normality results in this chapter.

1.8.2 Proof of theorems

The followings are Lemma 1 and 2 of Lam and Souza (2015a) respectively.

Lemma 1. For a zero mean time series process x; = f(F) with dependence measure
074, defined in Section 1.3, assume O, , < C'm™* as in Assumption M3. Then there

exists constants C1, Cy and C3 independent of v, T and the index j such that
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T C,Tw(1/2-8) 5 2
P(’l/T;iL‘tJ’ > U) S W —|—CQ exp(—CgT (% ),
where & = a A (1/2 — 1/w), and B = (3 + 2aw) /(1 + w).

Furthermore, assume another zero mean time series process z; (can be the same
O

max; || ||2w, max; ||2¢]l2w < co < 00 where ¢g is a constant, the above Nagaev-type

process x;) with both ©F < Cm™, as in Assumption M3. Then provided

m,2w’ m,2w

inequality holds for the product process {xyjzy — E(zij24)}-

Lemma 2. For any N x N matric H = (hy,...,hy)T and any N x K matriz M,
define
Ik®h
Vg=

Ik ® hy

Then we have
HM = (Iy ® vec' (M))V .

We first present an Theorem 5 which states that a set M is such that P(M) — 1
as T, N — oo, and our estimators enjoy nice properties on M. This theorem is in

fact exactly the same as Theorem S.1 of Lam and Souza (2015a).

Denote By ;; and X, ;; the (¢,7) entry of B, and X, respectively, and define M =

N_, A;, where

T
A = { max max |T_1 [Biij Xt — E(Brij Xew)]| < )\T} ,

1<i, k<N 1<jI<K —

T
max max |7~ ZBt7ij€t,k| < /\T}7

1<i,k<N 1<j<K

1/241/2w
Ag = § max 77 ;ZlBtskets| < AN }
Ay = { max max |B ij — E(Bij)| < )\T},

max |€ ;| < /\T}

1<j<N

max max |X ;| < Ar
1<I<N 1<G<K

“
{
|
o
b

|ZB s < 2Y2ApNY21og2(T v N) e(nlek.z}x|IE(B,5,,~‘,~)| + AT)} .

I/\B
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Theorem 5. Let Assumptions M1-M4 in Section 1.53.1 and R1-R7 in Section 1.8.1
hold. Suppose o > 1/2 — 1/w in Assumption M3, and for the application of the
Nagaev-type inequality in Lemma 1 for the processes defined in Ay to Ay, suppose
the constants Cy, Cy and C3 are the same. Then with ¢ > \/m where ¢ is the
constant defined in Ay = ¢cT~2log"*(T v N), we have

N2 8Cy K*N? 2K

P(M) >1—8C K*(Cs/3)""? — — .
(M) = 1K (C5/3) Tw/2*110gw/2(T\/N) T3V N3 TVN

It approaches 1 if we assume further that N = o(T"/*~/21og®/*(T)).

Proof of Theorem 1

From (1.4) and that

p M
Z(SOZW ZY0+Z (Z(Sjiwgi)y;"i‘Xﬁ—Fev-i- 1r @ p

j=1 =1

Ly M
~(Ln - Z(smwg@;) (Z (S oWs)y+XB+e+1,0 u),
=1 =1 =1
it is easy to get, since BT (17 ® p) = 0, that

B8 —B=(X"B"B""X)'X"B"B""¢".

Moreover,
B = B(3)
M p M
(XTB'BTX) ' XTB" BUT[(ITN ;ao,wga) 2 (;@W%)y}*]

_ (XTBquTX)leTBvaT [(ITN — i (502-W68;> i <i (Sjin;)Y;)
=1

j=1 =1

+ Z (00 — 5Oz YW Givo + Z (Z ji ]7/>W((%L)y]:|

— ﬁ(é) 4+ (XTB’UB’UTX)*lXTBUBUT

M

. [Z((Soz 501 Woly0 Z(i 8ji — ]Z)W(%)yj]

=1 =
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Using the above, we can decompose

~

B-B=1y+ 1+ I+ I3+ I, + I5, where
Iy = (E(X{B,)E(B{ X)) "(E(X{ B)E(B{ X,) - TX"B"B""X)(B - 8),

I, = (E(X]B)E(B'X,))'T*X"B"B""¢",
M

I = (E(XT Bt)IE(BtTXt))‘lT‘QXTB”B”T(Z(ém — o) WEI® X 3,
=1
M A

Iy = (E(X{B)E(B{ X,))'T>X"B'B"" (> (d0;i — o0:) W TT®¢",

i=1

M p M
I = (E(X{B)E(B{X,))"'T*X"B*B"" (D (d0i — 00)Wi)TI®(D () 6, W55,
i=1 =1 =1
P M
Is = (BE(X]B)E(B{ X)) "'T*X"B"B"" (Y (> (5 — 6;) W),
j=1 i=1

with TI® = (Iy — S22 66 WE) ™", We need to find the rate of convergence of I
[1, [2, [3, [4 and I5.

To this end, using Assumption R3 in Section 1.8.1,

K1/2 K1/2

E(XTB,)E(BTX,)! < _
|E(X; By)E(B; X;)~ Hl_Amm( E(XTB)E(BTX,) = Now?

Define U = Iy @ T~ 3. vece(B, — B)vec(X,) and Uy = Iy ® E(bx]), then
we can write T X7 B" = V?NUVIN and E( X! B,) = V}FNUOVIN. Also, denote
W B, ; and X ; the jth column of W, B, and X respectively, and let WJT be the
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jth row of II. Then on M,

ol

< (E(X{B)E(B{ X)) WI(E(X{ B)E(B{ X,)) - T*X"B"B""X)(8 - B)Ih

K1/2 T T T
< ez | IVE(U0 = U Vi,V Ul

HVI UV VE (U= U)L || Viy(B - B)h

K1/2
S N2u2 [KHUO - UHmax “N - KHUOHmaX

+ (K| VT, (U =U0)"Viyllmas + KIIVI, UGV 1y llnax) - KUo = Ullmac| - N8 = Bllx
S K1/2(2>\T0bx(1 + ,ub,max + )\T> + )\%“(1 + ﬂb,max + )‘T)Q)HB - /3”1

= O()‘THB - 5”1)7

where (i max = HE(bt)HmaX‘ At the same time, on M,

1/2
[11]]x < N2 IT7' X"BY|L[|[T7'B"" €|
K1/2 T T T
< vzl U =Uo) Vi, + Vi, U Viylh
(KAp NV L O A NY2og(T V N)Se(fipmaz + A1)
Kl/?
< WN()\T(l + fpmax + A1) + Opz)

(KAp N2 o O A NY2og(T V N)Se(fipmax + A7)

— O()\TN_l/Z—H/Qw).

Recall that Wj = sz\il 5jiW0i7 and denoting ﬁ\/j = sz‘il gszOz fOI‘j = O, ]_, .- D,
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then on M,

T
[22][1 < ]}\,(2 ST XTBUWT ) (B~ B) (W — Wo)ILX,||1[|8]x
K1/2 J\t] 1 ~ c T _
< NTu?O( <K lgfg( ‘ Z Wg,j - Wo,j)TT_l Z(Bt,r — B.,r)XZrﬂ'j )
. 7=1 t=1
<ONHO (1 + ftymax + Ar) + o) [WE; = Wo il m51)
j=1

< O(NH (N80 — doll1) = O(|| 60 — ol}1)-

Similarly, on M,

T

KY _ .
1551 < <5 2HT 'XTBWT™ ) (B — B)" (W — Wo)lle |,
N?u
t=1
K1/2 N . .
< a0 (K max | S5 (W, = Wi)" (T 3o(Ber ~ Boel ) )
]:1 t=1

< O(N7') - O(NMr max ||7'er1 max ||W0j WSJHI) = O()\TH50 - 50”1)

1<j<N <j<N

For bounding ||I4||1 and H[g,Hl, recall that from Section 1.3.1, we can express y, as

v =@ (LI(p+ X8+ €) = Z U I+ X B+ €y), (1.9)

q=>0

where ¥, is N x N such that >_ ., H\IquOO < 0o because of stationarity. Then we

can decompose

1/2
-1 T pv
[ 14l < WHT X' B’
T P
: HT—1 ;(Bt ~ B (W, - W)II 2 W@ (DINX 8+ ey)|
= ]:

= O(N (| ually + [[1a2]l1)), where

T D
[l = |7 3B~ B) (Wo — WLy W, (L)
j=1

t=1
T P

[ Fall, = [T > (B~ B (W - WoL Y W, (D)TTe, |
t=1 j=1
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On M, we have

Jrall, < s mas i8]
1= 1<j<p1<rk<Kp Al

IS ZB”—B (Wo — WolIW, W I1X, , i}

>0

= O(Now|[Wo — Wo| W[ % > [ @l..)
q=>0

= O(N||80 — &),),

where the second line is by Assumption R4. At the same time on M,

(e
T

= B.,) (W, - WolIW,¥,Tle,_, ;|

T 1<i<p 1<r<K

t=1

= O(NAr|Wo — VAVoHOOHWjHOOHHHOO 2 1%l.)

q>0

= O(NXr||d0 — &

1)7

where the second line follows from the rate on A,. These imply that on M,

122]], = O([|d0 — 8] ).
To bound Hfg)Hl, we can decompose
(e
KY T e X
< T X B |1 Y B B (W, - W) (I8 + 6|
t=1 j=1

= O(N"' (|| Is1l1 + I I52]11)),
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where

T

il = |77 Y (B = B)T Y (W — W)@~ (DILX, 8

=1 j=1

9
1

T P
sl = [ 77 Y28, = B Yo (W, — W)@ (L)

=1 j=1

To bound HI51||1, similar to the treatment on ||I41H1, on M,

il < | max K2,

T p
—1 B T
1<r k<K r Z(Bt’r B.;) -

t=1 J

(Wj - Wj) Z \Iquthq*j,k

1 q>0

= O(Noy, Z W = Wil I D w0

q>0

= O(N||6 -3,

Finally, on M,

T p
12|, < max K\T™') (B, — B.,)" Y (W; - W)Y ¥,Ie,_,;

T 1<r<K
t=1 j=1 q>0

P
= O(NXr 3 _[[W; = Wi [Tl > [[wa].0)
j=1

q=>0

= O(NXr||6 - 4]|,)-

Hence on M, we have

17511, = odls - 8]1,).

Combining the rates for HIOH1 to HI5| ,» we can conclude that on M,

18— 8|, = OOsN"VZ2e 15 —3|). (1.10)
We need to find the order of [|§ — &|);. From (1.3) and (1.5), it is easy to show that

Ky, — B'y= Ky, — (B"e+ B"ZV§ + B" X gvec(Iy)),
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where

Ky, =Hé+KX3+ K¢

T
=Hs+T'’N™Y " X, ® (B, - B){f + K"

t=1

= HS§ + B" X gvec(Iy) + Ke'.
Hence,
Ky, —B'y=-B'e+(H-B"2V)5 + K€"

Substituting the above back to (1.5), we can decompose

N

6—6=[H-B"2ZV)"(H-B"ZV)| ' (H-B"2ZV)" [Ke’ — B"€|
= D1 + DQ, where

1

Dy=[H-B"zv)"(H-B"2ZV)] (H-B"ZV)'K¢',

Dy=—-[(H-B"ZV)"(H-B"ZV)] (H-B"ZV)'B’e.

To bound ||D1H1 and ||D2H1, we introduce some notations and find their L; norm
bounds first. For ¢ =1,..., M, define

T
U,=Ix®T" Y vee(B, — B)vec" (X)), Ugy=Iy®E(ba ).

t=1
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Also, define fori=1,...,M and j =1,...,p,

T
AlZTflth@)(Bt—B)C, A? = E(X, @ Bi(),

t=1

Ay = (VI UV VI UV ), A= (V] UV V] UVr,)™",

A; =V U"Vy,, A}=V] UiV, (1.11)
Ayij = Z V€V()Ti Uqﬂ'Vﬁqﬁ, Agij = Z Vjvjvgi Uo,q+jVﬂq5,
q=0 q=0

00 T
_ ~ T
Asy = Y Vi (Iv o 77 3 vee B~ B)el, vee(1,)
q=0

t=1
where IT, = W, II. Tt is straightforward to see that, on M,
[ A1 = AY|lmax = O(A7) (1.12)
Meanwhile, by Assumptions R4 and R7, on M,
JAull < A% + [ A) — A%, = O(N™ + A N?) = O(N™e).  (1.13)
Similarly, on M,

A3 < KV, UgVigllmax = O(N),  [[As=A3lli = O(ArN), [ As[li = O(N).
(1.14)
As A} = (A3A),

H - K1/2 - K1/2
P A (A%477) T N2

| AS =O(N7?). (1.15)

Moreover, we know that Ay — A = (A; — AJ)((A) 1 — A7) AJ + AJ((A)~! —
A N AY, and on M,

1(A9)~" = Ay s

= [|A3A5" — AsAg|ly < [| A5 — As[l [ A5 [l1 + [|As[lL [ AS" — A5l = O(ArN?).
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Therefore, on M,

1(A2) " — A L[| ASIE ArN2N—*
=0

Ay — A < — v
I~ Al = T N ) 1—ArN2N-2

) = O(ArN72). (1.16)

As for || Ayijll1, by Assumptions M1 and R4, defining @, . to be the rth row of II,,

we have on M,

4U||1 < ZKHIBH ||V TUU,q-i-ij[quaX (1.17)

[M]8

KBl max ]ZW@&ZE Xig Bl o

1<km<K

<
Il
=)

= O(|Woilli ) Iyl - N) < O(IWoills Y (ITLlso | ¥4llec) - N) = O(N).

q=>0 q=>0
(1.18)
Similarly, we can easily show on M that
| Asi; — AQilli = O(ArN).
Hence we have
[ Asijl1 = O(N). (1.19)

To bound || As;j]|1, an element in Asj;; is bounded on M by

N o T
] S WELTD (B — Brlel, gr| = O(ArN), so ||Asylh = O(ArN).

(1.20)
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We now decompose D, = F| + F5 4+ F3, where

1

F = [(HQO - H10)T(H20 - Hloﬂ—
- [(H20 —H\)'(Hy - Hy) - T 'N*H —-B"ZV)"(H - B"ZV)| D,
Fy = [(Hz — Hu)"(Hy — Hy)] ™
. <T71/2Na/2H — Hyy — T-12N2BT zv + Hlo)T ) T71/2Na/2K€v’
Fy = [(Hs — Hio)" (Ha — Hlo)}_l (Hy — Hyp)" - T V2NY2 K¢,

Both Hyy and H g are N? x M(p+ 1) matrices defined in Theorem 3. By Assump-
tions R3 and R4, it is easy to show that

UM(H20> > UK(A(l))UK(Ag)O.K(Ag>UmiH(A2107 s 7A2M07 sy Ale? s 7A2Mp)
I+a . .
L ONMNN
Mo (E(XTB)E(BT X))

o(Ho) > 03,(Vo)od (T © ¢1) 3 Blvee( B Jvee( X)) (Iy © B)TI, ) > ON'.

q=0

Hence the smallest singular value of Hyy dominates that of Hy, and so for some

constant u > 0,

012\4(p+1)<H20 —H) > uN'"". (1.21)
With this, we have
I[(Ho0—H 10)T (Hy—H )] !||; < M'Y2(p + 1)1/2 - MY2(p 4 1)112
20 10 20 10 1= /\mm[(HQO _ HlO)T(Hzo — Hm)] > ué\f“ra)
1.22
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To bound || D;||1, using (1.22), we have

M3/2(p + 1)1/2
N1ltaq,

(T 2N H — Hiollas + |T N2 BT ZV ~ Hgllas)

[ Fill: < [ H 20 — Hollx (1.23)

F T V2NV H — BYZV) |

: <|\T*1/2N“/ZH — Hl, + ||[T72N2BT ZV — Hle)] Dy, (1.24)

M3/2 1)1/2
||F2||1 < ]\([]13:_ ) <||T_1/2Na/2H - H20||max + ||T_1/2Na/2BTZV - H10||maX>
“p
TN K, (1.25)
M3/2(p 1 1)1/2 B
| F5lls < ]\([Z;a“) | Ha0 — Hiollmax - |T 1/2]\/"1/21{61)“1. (1.26)

Now, to bound || F}|1, ||F2||x and ||F3||1, we consider
||T_1/2Na/2H H20||max = 1122}]% lrgjax ||A A2A3(A4ZJ + A5l]) AvoAoAgz]HmaX

< max max || Ay [|max|| Azl[1 ]| Aslly[| Asis |+
1<i<M 1<j<p

s 1[4 e[ A2 As vy — ASAZAL, 1+ As — A4Sl 434348, 1],
(1.27)

with

| Az A3 Ay — AOAOA0

415

|1 < max ||| Asl|1]|As — ASl1]| Ayl +
1<j<p

1A |1 | A3l | Aiy — Al + A2 — A1 A3 ]| AL

Therefore, base on the rates found in (1.12) to (1.20), and (1.27), we have on M
that

||T_1/2Na/2H - H20||max = O()‘T)v and ||T_1/2Na/2H - H20||1 = O()\TNQ)
(1.28)

Define L¢ = T~ S vec((B; — B)")vecT (X,_,) and L§ = E(vec(BF )vec” (X1 a)

49



Then, by Assumption R4 and on M, we have

”T—l/ZNa/QBTZHl

T

T
= max [T (B, — B)Cy, |y = |77 (B: — B)¢y! |
t=1

0<i<p p—

< HT ZZ Bt_ ‘Il H(Xt qﬁ+€t q)) Hl

t=1 g=0
< O(ArN + N+ M\pN) = O(N9),
|TV2N2BTZV — H 10| max

T

= max max || (T_l g (B, —
0<I<p 1<i<M1<j<N —

Bl Bt R

and

B)Cyi i -

—  max ||<T‘IZ(Bt—B)CytT—E((

(1.29)

= B)CYE) ) W lhnas

B)GT)) Wi lhnas

< _ _max [HIN®CTHOOZHU L8 [T, 1] @ Bl W, 1

1<i<M,1<j<N

q>0

N Y Zvec (By = B)Y)el s, 11 W 1]

q>0

Hence on M,

|T~YV2NY2BTZV — H ||, =

(1.30)

O(AMrN?). (1.31)

Using the rates found in (1.12) to (1.20), on M (in particular using the rate on As),

T
|7 2N 2 Ke | = || A As As(T7 Y (B, ~ E
t=1

20

— O(ATN1/2+1/2w+a).
1

(1.32)



Therefore, using results from (1.22) to (1.32), we know that

3/2
1Dy (o(/\TNQ) +o(1)o(ArN? + ATN2)> D1l
M3/2

Nl—i—au

[ < Nitay
u

M3/2

N1+au

_ O(/\TN_1/2+1/2w).

+ O()\TN1/2+1/2w+a)

(O()\T>O()\TN1/2+1/2w+a)> +

For the rate of HD2| ,» we refer to the proof of asymptotic normality of 6—4in

Theorem 3 for the proof of the asymptotic normality of Dy (along the exact same

lines of proofs as in Theorem 3). Therefore, we state here the result that
TYV2(M,Sa M%) ™V2Dy 25 N(0,1,,),

where S, is defined in Theorem 3, and My = [(HQ() — H )T (Hy — Hlo)} - (Ho—
H;)". By Assumption R5, we conclude that all the eigenvalues of Sy are of order
NP®. Hence by (1.21),

Amax(M2S2M73) < Anax(S2) Amax ([(H 20 — H1o)" (Hag — Hp)] -

/\max(SQ)
= 02y (Hao — Hyp)

)

— O<Nflfa+b) 7

which can also be derived as the order for the lower bound of Ay, (MSoM g)
Hence we have ||Dsl|; = Op(Tfl/QN*(Ha*b)/?)_

Finally, by Assumption R7 and the result of Theorem 5,

Hs o 5||1 — OP(HD1H1 + HD2H1> _ OP<)\T . N1/2+a+1/2w) + OP(T71/2N7(1+a7b)/2)

— OP()\T . N—1/2+1/2w).
At the same time, using the result above,

18 = Bl = Oy(Ar N2 16 = 8]11) = Op(ApN~/2H120). O

Proof of Theorem 2.

It has been shown that 8 — 3 = Z?:o I; in the proof of Theorem 1. From the rate
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of |6 — &]|; and Assumption R7, it is clear that
16— 8]ls = Op(Ap N~/2H120) = op(T—1/2AN=UZ0/2),

Therefore, if we can prove that I; is TY/2N1-/2_convergent, then I; dominates I,
to I5, while || I||, = Op(Ar||B — B]|,) = or(||B - 8]|,)-

We now prove that for o € R¥ such that ||| =1, &’ is T/2N"/2convergent

by proving its asymptotic normality. Recall that

I = (B(X!B)E(BX,) 'T*X"B"B""¢"
= (E(XI'B)E(B'X,)) " (T'X"B" - E(X!B,))T'B""¢"
+ (E(XTB,)E(BI X)) 'E(XB,)T'B""¢".

It is easy to show that the second term above dominates the first. Therefore, if we

can prove that
> IPo(a" M, B/ e;)| < o, (1.33)

t>0

where M, = (E(X] B,)E(B/ X)) 'E(X] B;), by Theorem 3(ii) of Wu (2011), we
then have
TV (" S1a) 20" B N(0,1),

where 3y = M Y., _, E(B/ €€l B,..)M].

To determine the rate of the eigenvalues in X;, consider the (k,k) element of
ZT E<Bf€t€?+TBt+T)v

S E(Beel Buirs) = 3 tr(B(Brirs Bl )Eleri el )

= Z tr(cov(BiyrpBii)cov(€rir€;)) + Z tr (g i g £ COV(€p47€r)).

By Assumptions R5, the first term is N'*-convergent exactly and the second term’s

rate is

Zﬂakcov(et-&-TGt)Mb,k < /\max(z COV(€t+r€t))||Nb,k||2 = O(IIMb,kIIQ) = O(N).

T T

Since K is finite, the order of the eigenvalues of > _E(B] €€l B,,,) is exactly
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Nt Also, fori=1,..., K,

< Ai(Z) < )‘maX(MlM{)AmaX(ZE(BtTetetT+rBt+T>)'

Since the order of the eigenvalues of M ;M7 is N~2, the order of all the eigenvalues of
> is exactly N~'*t. It means also that a”I; is indeed T2 N1-%/2_convergent, and
so I, is T2 N(=9/2_convergent in particular since K is finite. With the asymptotic
normality for I}, we can then use the multivariate version of Theorem 3(ii) of
Wu (2011) to conclude that

7252 B N(0, I),

where we replaced a by k.

It remains to prove (1.33). We decompose
Po(a" M B/ e,) = o' M Py(B] )Eo(&;) + o' M E_,(B])Py(e,),
so that we have ||Po(a”MB]¢,)|| < Oy + Cyy, where

C}, = E(a" M1 Py(B])Eo(€;)Eq(e] ) Po(By) M7 )
< a" M E(Py(BT)Py(By)) M1 0FE (A (Eo(€)Eo (€7)))
< [|a” M || Amax(E(Po( BT ) Po(B.)))E(Eq (€] ) Eo(er))

= O(N™" max E(Po(Bj,)Po(Bx)E(N 'Eo(€/ )Eo(€)))

1<k<K

— O(max_ mavx | Po(Beaw)|l* mavx E(E3(c1,)))

1<k<K 1<s<N

= O( max max | Po(Bia)|?020), (1.34)

1<k<K 1<s<N max

so that tho C1+ < 0o by our assumption tho MAax) <k<x MaX]<s<N ||Pg(Bt7sk)|| <

Q.
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Similarly, we have

C3, =E(a"M\E_(B/)Py(&)Po(€, )E1(B) M7 o)
< a" M E(E_(BN)E_(B:)) MT0E (Amax(Po(€) Po(€X)))
< [ My || Ao (B(E—y (BT )E_1 (By))E(Po (€] ) Po(er))

_ 2 NIE
— O max_ max B(E?, (By)) max | Po(er,)|?)

1<k<K 1<s<N

_ 2 2 Nt
- O((Urnax + H;’%X lub,sk) 121‘1}5\[ HPO(E@J) H )

= O( max ||PG(e)|), (1.35)

1<j<N

so that 3o, C; < oo by our assumption of } - maxi<j<n || Pg(er;)|| < oo. Hence
(1.33) is established, and the proof of the theorem is completed. [

Proof of Theorem 3.

To prove the asymptotic normality of 8, we need to apply the same method we used

for the proof of Theorem 2. Recall that from the proof of Theorem 1,

1

§-0=[H-B"2V)"(H-B"2V)]” (H-B"2V)" [Ke’ - B"¢],
6 —6=D;+ Dy, where
D= [(H-B"zZV)'(H-B"2ZV)|" (H-B"ZV)"Ke",

1

D,=-[H-B"ZV)"(H-B"2V)] (H-B"ZV)"B'e.

Moreover, we further decompose D; as in the proof of Theorem 1 such that D; =
Fl + F2 + Fg, Where

Fy = [(Hao — Ho)"(Ha — Hyg)]

: [(HQO —H,)'(Hy - Hy,)-T'N*H—-B"ZV)'(H - B"ZV)|D,,
Fy = [(Hao — Hyo)"(Ha — Hyg)]
A(T7VENY2H — Hyy — T7VANY2BTZV + Hy))' - T7Y2N?Ke',

Fy = [(Hy — Hyo)" (Ha — Hyp)] ' (Ha — Hy)" - TN Ke". (1.36)
From the proof of Theorem 1, it is clear that F3 dominates all other terms in the
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decomposition of D;. As for Dy, we can apply similar decomposition, and the term
—1 _ a
F4 = — [(HQU — Hlo)T(HQO — HlO)} (HZO — Hlo)TT 1/2N /QBTG (137)

dominates in the decomposition of Dy. Hence to show the asymptotic normality of

56 , we only consider

Fy+ F, =T '2NY2M,(Ke' — B"¢)

= 7Y My(MBle, — vee(BiGel)(1 + 0p(1)),

t=1

where Mg = [(Hgg — Hlo)T(Hgo — HlO)} - (HQQ — Hlo)T. In view of the above
and Theorem 3(ii) of Wu (2011), to prove the asymptotic normality of a(§ — &)

where a € RM®+D if we can show that

> || Po(” My(MB{'e, — vec(Bi(e))))|| < oo, (1.38)

t>0

then we can conclude by Theorem 3(ii) of Wu (2011) that
TV2(a"Sh0) 20" (8 — 8) B N(0,1), (1.39)
where
X =Y Moycov(MB{e, —vec(Bile]), MBY, €., — vec(Biy.Cel\ ) M}
TEL
= M(S1 +S; — S3 — S§) M7,
with S;, S, and S3 as defined in the statement of the theorem. A generalization

to Theorem 3(ii) of Wu (2011) then gives us the asymptotic normality result after

replacing a by Iy(p41)-
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It remains to show (1.38). Consider

o M, |

< Anax (M2 M) A (M M)

=O(N™17%) - O(N™?) - Anax (E(X; @ BiQ)E(X[ @ (" BY))
= O(N*) - |[E(X, ® BL)|,|[E(X] @ ¢"B])||,
=O(N7*7) - O(N'*) - O(1) = O(N ),

where the last line follows from Assumption R4. Then similar to showing (1.34), by

the above, we have

| Po(a" MM B €,)|| = O( max_max || Po(B)l|), (1.40)

1<k<K 1<s<N

so that tho HPO(aTMgMBtTet)H < oo by the assumptions of the theorem. At

the same time,

Py(a’ Myvec(BiCer ) = Po(a’ Ms(e: @ Bi())
= "M, (Eo(e) @ Bo(Bi¢) — Ei(e)) 9 E1(BiC))

= aTMQP()(Gt) X EQ(B{}/) + aTMgE_l(et) & P(](Bt’y)
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Hence denote by bfj the jth row of By,

| Po(a™ M€, @ B,G)||

< {QQTMQE(PO(Q)PO(Q)T) ® E(Eo(Bi¢)Eo(¢T BY ))M;Fa}lﬂ

+ {QaTMQIE(]E_l(et)E_l(et)T) % E(Po(B¢)Py(¢" B ))M;Fa}l/2

< 2 Jadl, [ Ml ma [|Pofer)] - max var' 2(b50)

+ 2" | [ M|, - omas - max [[Po(br;6)

< 2], M| s [1Pofe)] - €

% 1<G<N

+ 22 a|, [ M|, - o - max [|Po(Buge)[[1€]],
1<k<K

= O( o [|Pofeey)]| + e [ Po(Besn)
== 1SheK

),

where the second inequality used the decomposition
var(+) = var(E;(+)) + E(var;(+)) > var(E;(+)),

and the third inequality used Assumption R2, while the last equality used HC H =1
and HMQHOO = O(1). Hence ), HPO(aTMgvec(BtCetT)H < o0, and together
with (1.40), (1.38) is established. This completes the proof of the theorem. [

Proof of Theorem 4.

By the KKT condition, there exists a solution & to (1.7) if and only if there exists

a subgradient

h =0(u"|d]) = {h e RMP+D .
|hi| < g, otherwise.

such that differentiating the expression on the right hand side of (1.7) with respect
to 0, we get

T-Y(H-B"zZV)T(H-B"2ZV)6 —T"Y(B"2V — H)T'(B'y — g) = —vrh.

We use a single index i@ = 1,...,M(p + 1) to denote an element of § for easier
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notation in this proof. Since we have By = BT ZV § + B" X gvec(Iy) + B”€, the

above equation can be rewritten as
T-Y(H -B"zV)'(H - B"ZV)(6 - §)
+TYH - B"ZV)'(B" X gvec(Iy) + HS — g)
+T Y (H - B"ZV)'B"e = —yrh.

We can show easily that —BTXB((;)vec(IN) = HJ — g, and hence there exists a

sign consistent solution & if and only if

( -1 T T T S
T Hy—-B"ZVy)"(Hy — B"ZV ) (65 — dx)
+TY(Hy — B"ZV )" (B" X 5_p(s)vec(Iy))
+T Y Hy — B'ZV ) "BTe = —yrhy, (1.41)
I TY(Hye — B"ZV 3)TB" X 5_g(s)vec(Iy)

+T Y (Hye — B"ZV 3.)" BT €| < —yphye,

where H = {j : 0; # 0}.

From the first equation in (1.41), we decompose dy—0g=1Iy+ 1 +1,+ I3, where

Iy =—(N"“(Hay — Hio);(Hz — Hio)y) (I "(Hy — B"ZVy)" (Hy — B"ZVy)
— N™(Hay — H1o)j(Hao — H1o))(05 — 011),

I = (N"“(Hy — Hlo)g(Hzo —Hyo)y) 'T"(Hy — BTZVH)TKGU,

Iy = —(N"“(Hy — Hy)f;(Hy — Hio)u) 'vrh,

Is = —(N"*(Hy — Ho) 5 (Hy — Hy)y) ' T (Hy — B"ZV 5)"' B'e.

The term I; has its form because of the identity BTXﬁ(é),ﬁvec(IN) = Ke€". Similar

to bounding HF1H1 to HF3H1 in (1.24) to (1.26) in the proof of Theorem 1, we can
show that

Hollmax = 0p(ArN'"*[105 = 81 lma)s  [Hzllmax = OOz NTH).
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We can show easily that

I = [(Hao — Hio)o(Haso — Hio)u] ™" <T‘1/2N“/2(HH _ BTZVH)T> (T~'V2N?K )
= [(Haoo — Hio)5(Hao — Hio) | (Hoo — Hio) 1 (T7/2N2Ke") (1 + 0p(1)),
Iy = —[(Haoo — Hyo)5(Hao — Hio)n]™ (T‘l/zN“/Q(HH _ BTZVH)T> (T2 N2 BT¢)

= —[(Hay — H1o)fj(Hao — Hio)y) ' (Hao — H1o) [, (T /* N’ B €)(1 + op(1)).

Hence [; is similar to F3 in (1.36) and I3 is similar to Fy in (1.37) in the proof of
Theorem 3, except that Hoy — H g is now restricted to those columns with indices
in H only. Using exactly the same lines of proof as in Theorem 3, we can conclude
that

T25; (1L + ) B N(0, Iy, (1.42)

where X3 = M3(S; + Sy — Sz — SIYM3, with M3 = [(Hy — Hy0) 5 (Hy —
H)g| ' (Hy— Hyp)%. By Assumptions R4 and R5, we can show that then I; + I3
is exactly TV/2NU+e=0/2_convergent. Since 0 < a,b < 1, it is not difficult to see
that Iy is dominated by I; + I3 then. Also, Assumption R7 ensures ||[0Hmax =
0p(||5 - (5Hmax). All these imply that

T2 (6 — 1) 2 N(0, 1)),

which is the asymptotic normality result we need, if we can also show that the second

inequality in (1.41) is true.

From the above, since HIOHmaX, ||11Hmax, HI2|| and HIg”maX are all op(1), we have

max

sign(dy;) = sign(dy). It remains to show the second inequality in (1.41).

To this end, we can show from previous results that

1T (Hu, — B"ZV )" B" X g_geyvec(In) +T "(Hp, — B"ZV )" B" €| spax

— Op(T_l/QN(1+b_a)/2),

while the right hand side of the second inequality has a minimum value of

T > T

HSHchax B HSHC - dHc”max.
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Hence, it is sufficient to prove
(T_l/zN(Hb_a)/Q)(”S — 0|max) = 0p(A7).

But the left hand side above has rate T-!N®~% = o(\r) by Assumption R7. This
completes the proof of the theorem. [
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Chapter 2

Inference for Spatial Dynamic
Panel Model with different Spatial

Dependence Characterizations

2.1 Introduction

Cross-sectional correlation attracts considerable attentions in both modelling and
statistical inference. Spatial autoregressive model first proposed in Cliff and Ord
(1973) has been used widely in many applications. The spatial effect in spatial model
is measured by spatial weight matrix whose (i,j)th element reflects the strength of
cross-sectional relationship between unit i and j. Regularly, the inverse of geographic
or economic distance is used as the measurement and sometimes the spatial weight
matrix element can also be binary, being 1 if two units are contiguous and 0 other-

wise.

It is clear that spatial weight matrix is the key in spatial autoregressive model and
is usually assumed as a known prior. Applied researchers often base on their sub-
ject knowledge in pre-setting such a matrix, which can be inaccurate and arbitrary
at times. Recognizing the importance of correct specification of a spatial weight
matrix in the accuracy of estimated model parameters, a surge of papers have fo-
cused on estimating a spatial weight matrix using data. These include the use
of Lasso or the adaptive Lasso to perform sparse estimation of the spatial weight
matrix in a spatial lag model like Ahrens and Bhattacharjee (2015b), Lam and
Souza (2014, 2015b), the use of models with several spatial weight matrices like
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Arnold et al. (2013b), Badinger and Egger (2011), Lee and Liu (2010a), LeSage and
Pace (2008), or both Lam and Souza (2016b). Koroglu and Sun (2016b) proposes
a nonparametric generalized method of moments to estimate a smooth function of
known distance-type variables encompassing an unknown spatial weight matrix. Yet
there can be more than one type of spatial weight matrices, and some may not be
characterized by smooth functions of distance-type variables (e.g., negative spatial
autocorrelations among some, but not all close neighbours, like policy competitions),
and interpretability of spatial effects using an estimated nonparametric function can

be reduced.

As some works briefly introduced above, an important tool applied recently to avoid
the misspecification of spatial weight matrix in spatial model and to remain the
model efficiency at the same time is the inclusion of high order spatial model where
the spatial weight matrix is a linear combination of pre-specified spatial weight ma-
trices. The multiple spatial weight matrices can capture contiguity of units in var-
ious dimensions. For instance, Tao (2005) introduces a strategic interaction model
to local school expenditure using two specified spatial weight matrices based on the
geographical contiguity and the economic similarity. Another perspective for using
high order models is stated in Ullah (1998) that it is alternatives of a poorly specified
weight matrix rather than a realistic data generating process. Therefore, a combi-
nation of pre-specified spatial weight matrices makes the model flexible to capture
the complicated temporal correlations in the real data and provides the chance to
identify interesting economic phenomena from the data, which is also shown in our

real data analysis in Section 2.7.4.

Based on the high order spatial model above, we consider a spatial dynamic panel
model allowing for both contemporaneous and time-lagged spatial correlations. The
two types of spatial correlations are estimated through two different linear combi-
nations of pre-specified spatial weight matrices. The similar study has seen a lot
of theoretical advancements in recent years. The instrumental variables estimation
in Gupta and Robinson (2015), Lam and Qian (2017), the generalized method of
moments in Kapoor et al. (2007), Lee and Yu (2014b) and the quasi-maximum like-
lihood estimation in Lee and Yu (2010), Yu et al. (2008) are three approaches that
are extensively developed. Obviously, instrumental variable estimation has compu-
tational simplicity but works only with the existence of instrumental variables. As
for the general method of moments, as stated in Li (2017), the number of the mo-
ment conditions increases dramatically when T is large or moderately large, making

itself suffer from the so-called “many moments bias”.

We extend the quasi-maximum likelihood estimation technique in estimating a spa-

tial dynamic panel data model which allows for different spatial weight matrices
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representing the contemporaneous and time-lagged spatial dependence. Individ-
ual fixed effects are absorbed into our covariates (see Section 2.2). Some similar
works for quasi-maximum likelihood estimation are Lee (2004), Yu et al. (2008) and
Li (2017), to name but a few. To improve the computational feasibility of quasi-
maximum likelihood estimation, the instrumental-like variable estimation proposed
in Lam and Qian (2017) is applied as the initial value in the optimization of quasi-
maximum likelihood estimation. In Lam and Qian (2017), the exogenous variables
are needed to be instrumental variables. We use the regressors in the proposed
model as instrumental variables even they are not perfectly exogenous. It is shown

in Section 2.7 that this initial value performs well in practice.

Our main contributions are not only the extension of quasi-maximum likelihood
estimation but also the inference for spatial autoregressive model, which is rarely
discussed in literature. Firstly, we provide a unified spatial test statistic for testing
the presence of either contemporaneous or time-lagged spatial correlation, or both.
Although asymptotic normality results are given for quasi-maximum likelihood es-
timation in Yu et al. (2008), for general method of moments estimation in Lee and
Liu (2010a) and for instrumental variable estimation in Gupta and Robinson (2015),
the following tests based on the asymptotic normality results are not mentioned in
the above researches. Baltagi et al. (2007) derives several Lagrange multiplier tests
for the panel data regresssion model only containing contemporaneous spatial effect
on disturbance, while our work also contains the dynamic spatial effects. More im-
portantly, as the proposed model is high order spatial model, which applies a linear
combination of specified spatial weight matrices for spatial effect, this unified test

can be used to test whether all of them are necessary.

Another important inference is a diagnostic test for testing if the fitted residuals
are white noise. Chang et al. (2017) proposes this test by approximating the distri-
bution of the maximum absolute auto-/cross-correlations of the component series.
This diagnostic test allows for the dimension N of the fitted residual vector to be
growing with the sample size T, same as the setting of our spatial model. To the best
of our knowledge, in spatial econometrics context, it is the first time that this high
dimensional diagnostic test is applied for model fitness checking, which is very fun-
damental in real data analysis. Therefore, our test does not only test the whiteness
of the fitted residuals themselves, but can also improve the trust on the estimated

contemporaneous and time-lagged spatial effect.

The rest of this chapter is organized as follows. Section 2.2 presents our model
and a sufficient condition for stationarity. Section 2.3 describes several areas where
our model can be useful and how it is a generalization of commonly used mod-

els. The quasi-maximum likelihood estimation, together with necessary assumptions
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and asymptotic results for our estimators are presented in Section 2.4. Section 2.5
presents the Wald statistic and the corresponding asymptotic theory for testing dif-
ferent spatial correlations, while Section 2.6 provides the test statistic and presents
the asymptotic theory for the high dimensional diagnostic test for white noise in our
model. Section 2.7 presents our simulation results as well as a stock return analysis.
All technical proofs are relegated to Section 2.10, with Appendix A detailing how

we find the derivatives our the log-likelihood function of our model.

2.2 The model

Fort =1,...,T, we consider the model
M M
Vi = (Z aOiWOi)yt + (Z ’Yol'WOz‘)Yt—l + G0y, + Xifo + €, (2.1)
i=1 i=1
where y, = (Y11, .- -,ynt)? and € = (ey,...,ent)? are N dimensional vectors, ey
is an innovation series with zero mean and variance o2, {Wy;,i = 1,..., M} are

N x N predetermined spatial weight matrices. Finally, X; is an N X k, matrix of
non-stochastic regressors. The proposed model here is a special case of model (1.1)
in Chapter 1 when we set p = 1. As the main purpose of this Chapter is for inference

in spatial modelling, we set p = 1 for simplicity.

Same as discussed in Section (1.2.1), the zero diagonal elements in all Wy; make
the dynamic and contemporaneous effect between different units in panel capture

by ag; and 7y; and the dynamic interaction for same unit is shown in ¢.

Model (2.1) is different from a traditional spatial dynamic panel model in the fol-
lowing two aspects. First, we consider a general spatial dependence, which can be
decomposed as a linear combination of pre-specified “spatial dependence”, called
spatial weight matrices. We then estimate this linear combination through data, so
that information from traditional expert knowledge on spatial relationship can be
merged with microstructure of data to enhance the accuracy of the resulting spatial

dependence structure.

In Li (2017), a more specific explanation of the need for high order spatial models
is given by a showcase example. If there are M groups in N spatial units and
the spillover effects only exist within groups, a small matrix W,,,, m = 1,..., M
is denoted as the spatial interaction within group m. In classical model, a block
diagonal matrix W = diag(wl, e ,WM) is applied, which makes the spillover

effects same across groups. However, if we apply a high order spatial model using a
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linear combination of W, = diag(0, ... ,W,,,...,0) to fit the data, we can capture
the group-dependent strengths of spatial spillover effects. The examples for this
model can also be found in Lacombe (2004), McMillen et al. (2007) among others.

Secondly, to reduce the parameter dimension, we model the fixed effects pg; by
foi = pho + Z!n, where pi is the intercept shared by all the components and Z; is a
p—dimensional component specific covariate vector, where p is a fixed integer. We
then embed this into the covariate matrix Xy, so that model (2.1) does include the
fixed effects for all the components in y,. As for this elimination of individual effect,
Section 2.8 introduces some other ideas to avoid the incidental parameter problem,

which can also easily to be applied into our proposed model.

Denote a = (ay,---,ay)" € A, with true value ay = (a9, ,anp)’, and v =
(71, ,ym) € T, with true value 79 = (y10, -+ ,Ymo0)’- For convenience of our
presentation, we also define p = (v, ¢), 6 = (v, ¢, 3'), & = (o/,0') and 0 = (¢, 0?),
with similar definitions for their respective true values. 6 is the parameters to be

estimated in this chapter. Define

M M
HN(Oé) = IN — Z OéiWOi7 TN(SD) = ZPYZWO’L + ¢IN7 AN<047 90) = H]?/l<a)TN(<10>

i=1 =1

Then, y, can be rewritten as
Vi = Avyioy + Hy' Xofo + Hy'er, (2.2)

where Hy = Hy () and Ay = An (v, @o)-

From (2.2), model (2.1) can be embedded into the framework of a vector autore-
gressive (VAR) model. By Corollary (5.6.16) of Horn and Johnson (2012), a suffi-
cient condition for the stationarity of model (2.1) is ||An|| < 1, where the matrix
norm can be either the L; or L norm, defined by |[M|; = max; ), |m;;| and
[M||oo = max; > _; [my;| respectively. If all Wy; are row-standardized, in the sense
that the sum of the absolute value of the elements in each row of Wy, equals to 1
(see for example, LeSage and Pace (2009) for the use of such row-standardization),
then we have || Zf\il a0 Woilloo < Zf\il ap;. By Lemma 2.3.3 of Golub and van Loan
(1996), we obtain that

1

IHy oo < ——=37—
T _Zi]\il Qoi

65



Note that

M
_ i=1 170 + ¢
A5l < 1R el U < Zimt 2] 101
1=22% ool

Therefore, S"M. |agi| + 3™, [y0i] + |¢o| < 1 is a sufficient condition for | Ax]le < 1,

and hence stationarity of model (2.2), which is assumed throughout the chapter.

2.3 Some application examples

As known, the dynamic spatial model is important in many fields. Therefore, the
proposed model can be very useful in a variety of economic and social setups. In

the following, we give three examples.

1. Economics. Economic activities are often concentrated geographically. The
development of policies for strengthening economic growth, for example, is
therefore dependent on the understanding of the clustering of such activities
spatially. Spatial econometric models, through the specification of a spatial
weight matrix, is designed to account for spatial interactions among observed

units, allowing for the effects of exogenous variables.

An example in studying the growth of different European regions is Baumont
et al. (2003). In it, different distance-based spatial weight matrices W are
explored, and plots of log per-capital GDP for different European countries
(Y) against the spatial-lagged ones (WY') consistently reveal two clusters of
regions in Europe, at the same time showing a consistent positive slope, called

the spatial correlation. In essence, it suggests the use of a model of the form
Y = pWY + X5 +¢,

where p is the spatial correlation, and X is a matrix of exogenous covariates,

can be useful. Such a spatial lag model is discussed in details in Anselin (2010).

While the model can be useful, it is generally agreed that the specification of W
has to be given extreme care, since different W can give substantially different
results. Abreu et al. (2005) suggests that no matter a contiguity matrix (where
neighboring regions are coded 1 and others as 0) or distance-based matrices
are used, they should arise from underlying theoretical considerations, on top

of being exogenous from the variables that are being studied. This creates
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difficulties in practice since even for distance based matrices, using d=* or d—2
can be potentially different. Indeed, Baumont et al. (2003) explores different
distance-based spatial weight matrices before coming to their conclusion of

regional polarization.

The model (2.1) we proposed can handle this situation nicely by considering
a linear combination of some sensible spatial weight matrices, and let the
“best” spatial weight matrix to be estimated from the data as the “best”
linear combination. Lee and Liu (2010a) also considers a model with a linear
combination of spatial weight matrices, and call this higher order spatial lags,
with generalized method of moments proposed to estimate the model. Our
model can be considered a generalization of theirs since we also include a time
and spatial-lagged term (¢q +Z£\i1 i Wo;)y;_;- In the case of regional growth
by country for instance, a time-lagged shock from neighboring regions of a
country can still carry an effect to the current GDP growth of the particular
country. Such a shock can be well estimated by our model with such a time

and spatial-lagged term.

. Social Network. Social network represents general relationships among indi-
vidual units. A prominent example is the Twitter or Facebook network, where
an individual is linked to another person if he or she is “following” or “friend”
of another. In Bramoullé et al. (2009), the level of a student’s recreational

activity y; is modeled as

N; N;
where P; is the set of friends for individual ¢ with N; = |P)|, and z; is the

parents’ income for the jth individual. The model clearly includes the mean of
the friends’ level as an endogenous factor for the recreational level of individual
i, which can be considered a peer effect. His or her parents’ income, as well as
the mean parents’ income of all friends, are also intuitively important factors
that are included in the model above. This particular social network model
can actually be captured by our model with T'=1r =1, ag; = 3, Vo1 = ¢o = 0,
Wn1 = (1/N; - 1{jepy) and

1 o1 x/Ni-lpepy -+ on/Ni-lnepy
Xyi=| : : : , Bo = (a,7,01%),

1 oy 21/Nn-lgepyy -0 on/Ny - linepy)
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where 1y is a column vector of N ones, and 14 is 1 under the event A and 0
otherwise. If N; < oo, each non-zero entry in the ith row of Xy (apart from
the constant 1) can be the entries in the covariate vector Z; in our model (with
some entries possibly 0 if the NV;’s are not all equal), with p = max(N;)+1 and
n=1(v,9 1inax( Ni))/ . Clearly, our model is more general than that introduced in

Bramoullé et al. (2009), with the possibility of adding time-lagged peer effects.

Our model is also a generalization of the network vector autoregression pro-
posed by Zhu et al. (2017). Compared to the model (2.1) in their paper, we
have the spatial interaction term Zf\il ao; Wo;, which can be important to
capture the endogenous peer effects in a social network. At the same time,
setting W1 = (aij/N;), yo1 = p1 and ¢g = [ in our model, we have the
autoregressive term in model (2.1) of Zhu et al. (2017). The analysis of our
paper is also significantly different from that in Zhu et al. (2017) because of

the endogenous peer effects term.

. Finance. Spatial dependence can be used in different areas of finance for
interpretation /forecasting purposes. One important interest lies in the spatial
dependence among different financial markets. This is closely related to the
contagion of financial markets, and hence how world market shocks are prop-
agated to one another. In Fernandez (2011), a spatial Capital Asset Pricing
Model is used for modeling asset returns in several emerging markets, where
such a model is in parallel to the spatial lag model, giving an extra risk term
coming from a weighted average of neighboring firms on top of the usual risk
premium from the market portfolio. In doing so, four different spatial weight
matrices are calculated based on four different financial indicators. They are
market capitalization (relative to firm size), the market-to-book, the dividend
yield and the debt maturity ratios. Subsequent analyses use these spatial
weight matrices separately for drawing their conclusions. Our model, how-
ever, can accommodate these different spatial weight matrix specifications by
finding a linear combination of them that is more adapted to the data. This
can also enhance any conclusions that can be drawn only separately from using

different spatial weight matrices individually.

Indeed, Arnold et al. (2013b) has used a linear combination of spatial weight
matrices when using a spatial lag model without exogenous covariates to model

stock returns. In their notations, they model the vector of stock returns y; by

v = pgWour + psWoye + Wiy + €,
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where Wy, Wy, and W are spatial weight matrices such that Wy, represents the
weighted market return of the same day, W;y; the weighted market return of
the respective industrial branches, and finally Wjy, the weighted local market
return of the respective countries. This simple model already gives very good
Value-at-Risk forecasts. The model we proposed certainly generalizes theirs
with the possibility of adding important exogenous covariates, as well as time-

lagged spatial dependence.

2.4 The quasi-maximum likelihood estimators

Different from the Chapter 1, quasi-maximum likelihood estimators are applied in
this Chapter. As discussed in Introduction, instrumental variable used in profiled
least square estimation is hard to find in real data analysis and the model (2.1) sets
p = 1 to improve the computational feasibility of the quasi-maximum likelihood

estimators.

The total number of parameters of model (2.1) is 2M + k, + 2 including «, 7, ¢,
and o. The log-likelihood function of model (2.1) is

NT 1 &
log2m — —~logo” + Tlog|Hy ()| = 55 > _€(§)eé). (23)

t=1

NT

IOgLNT(Q) = —7

where

€(§) = Hy(a)y, — Tn(p)yi— — Xi8. (2.4)

The quasi-maximum likelihood estimator (QMLE) O is defined as
Onr = arg To}lelél Int(0),

where © is the parameter space and

1

ZNT(H) = —ﬁlogLNT(H). (25)

To obtain the asymptotic results of QMLE éNT, we need the following assumptions.

First, we introduce some notations. Let

Lye = (Wo1y,, Woayy, -+ . Wony,) and  Ong = (Lng—1, Vi1, Xt) (2.6)
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and we denote By; = Wy, H ;1 and define
ONt = (BNlONtdoa s >BNMONt(50) and t}’(BN) = (tT’(BNl), s ,Zf?"(BNM))/. (27)

A1. The spatial weight matrix Wy, is a constant, with zero diagonal elements for
eachi=1,... M.

A2. The error series {e;} are independent across ¢ and are martingale differences

across t, with Ee; = Eej =0 and Ee? = o2 . Furthermore,
(i) there exists a constant 7 > 0 such that Fle;|*™™ < oo;

(ii) the quantity »~,° T'(h) is finite, with T'(h) = cov(e, €7, ;).

A3. The matrix Hy(«) is invertible for all & € A, where A is compact and o is in

the interior of A.

A4. The elements of X; are non-stochastic and bounded uniformly in N and T.

Furthermore, limp_, ﬁ > i1 X4 X, exists and is nonsingular.

A5. The quantities ||[Wq||; and ||[Wq;|| are both bounded uniformly in N for
i=1,..., M. The same goes for |Hxy" ()1, [|Hx"()]|co-

A6. The quantities || Y 77 abs(AX)|l; or || >°52, abs(A%)||o are bounded, where

abs(A) is the matrix of absolute values of the entries in A.
A7. The dimension N is a nondecreasing function of 7" as T' goes to infinity.

A8. The matrix limy_,o, EJn7 is nonsingular, where Jyr = ﬁ ZL(OM, ONt)’(ONt, Ont).

Remark 1 Assumption Al is standard for spatial econometric models. Assumption
A2 allows for dependence of the e;’s at different time points, which relaxes the
usual independence and identical distribution assumptions for consistency. The
requirement Fe}, = 0 is a technical condition for a more explicit expression for
the global identification of the parameters. Assumption A3 and A6 ensure that
model (2.1) has a moving average representation, and compactness is a technical
condition. Assumption A4 is for the convenience of proof and can be relaxed to X,
being stochastic with some moments restrictions. Assumption A5 limits the spatial
correlation to a manageable degree. Assumption A6 limits the dependence of y,
across time and space, and together with Assumption A2, A3 and A5 imply that

model (2.1) has the moving average representation

vi=Y AVHG (e + XinfBo) = Ene + X, (2.8)
h=0
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where Eny = > 10, Al Hye, ), and Xy = S AR HG' X, Assumption A7
includes the fixed N and N — oo scenarios. Finally, Assumption A8 is an identifi-

cation condition for the parameters of model (2.1).

As the first step for the inference in our spatial model, we straightly give the following
Theorems 1 to 3 based on Yu et al. (2008). As we discussed in Introduction, it is
interesting to use these inference ideas to test the spatial modelling fitness. As for
Theorem 4, we can have a diagnostic testing for the fitted residuals in our model

being white noise.

Theorem 1. Suppose Assumption A1-A8 hold, then 0y is globally identified and
A P . .
Ont — Oy with increasing N and T.

Theorem 2. Suppose the conditions of Theorem 1 hold. If furthermore €2 are

uncorrelated across t, we have
VNT (Oy7 — 0)) -2 N(0, 7105,

where

L Olnt(00) Olnr(6p) L 0*Lnt(6o)
Q—T,%rﬁooNT'E( a0 o6’ ) E—T,}%IllooE( 9000' )

Theorem 2 means that the QMLE is asymptotic normal with standard rate v NT
even if N is much larger than 7. This is because we model the fix effects by some

specific variables to reduce the dimension of the parameter to a fixed number.

2.5 The tests for spatial autocorrelation

It is very important to access whether each specification of the spatial weight ma-
trices used in the model is appropriate for the data. Also, testing whether the data
has contemporaneous or time-lagged spatial interaction is significant in spatial mod-
elling. This section considers a unified framework for testing the linear relationship

of the coeflicients:
Hy : d'60y = c against H; : d'0y # c, (2.9)

where a is a known (2M + 2 + k,) X d-dimensional constant matrix and c is a

d-dimensional known constant vector. With different values of a, (2.9) includes
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different tests for spatial effects in the data. We can list the following hypothesis as

examples,

(i) H):ap=0,i=1,...,M. Under the null hypothesis, there is no contempora-

neous spatial correlation.

(ii) HZ:7p;=0,7=1,..., M. Under the null hypothesis, there is no lag-1 spatial

correlation.

(iii) HS:ap =0,7,; =0,i=1,...,M. Under the null hypothesis, there is no

spatial correlation at all.

Denote

~

& OZZNT(éNT) A 8lNT(éNT) It (OnT)
= aeop 0 ‘v =NT 00 00 '

MNT 0000

We use a Wald test statistic for testing Hy against H; in (2.9), which is defined as

W = NT(d' Oy — c)’(af)&%FQNTf]]}lTa’)fl(a/éNT — o).

Based on the asymptotic results in the last section, we have the following theorem.

Theorem 3. Suppose the conditions of Theorem 2 hold. Then W < X*(d) under
Hy as T)N — oo.

2.6 Diagnostic testing for the model

Another more important test is a diagnostic testing for the fitted residuals in model

(2.1) being white noise, as
Hy : {e:} is white noise v.s. H;:{e} is not white noise.

Ignoring the testing on the residuals results in consistent but inefficient estimates of
the regression coefficients and biased standards errors, see Baltagi (2008). Baltagi
et al. (2007) adds the correlation in the error structure, which is similar to spatial
disturbance autoregressive model, and derives the tests based on this specified model.
We adopt the test based on the maximum cross-correlations proposed in Chang et al.
(2017) to test whether the fitted residuals are white noise vector.
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We introduce some notations first before giving the test statistic. Denote the auto-
covariance and autocorrelation matrix of €; at lag k by A(k) and p(k) respectively,

where
A(k) = Cov(ern &), p(k) = diag(A(0))"/2A(k)diag(A(0)) /2,
with diag(A) representing the diagonal matrix with diagonal elements of A. Let
Ak) = (pig(k)) = diag(A(0))V/2A (k)diag(A(0)) 2

be the sample lag-k autocorrelation matrix for the estimated errors €, = et(f NT)

(recall that f NT 1S a component vector of éNT defined in Section 2.4), where
A(k) = €1 1E;. (2.10)

The test statistic is then defined as

Tnr = max Ty,
1<k<K

where Ty = max<;j<n VT |pi; (k)| and K is a prescribed positive integer. We

reject Hy if Tnr > ¢,, where ¢, is determined by
PT(TNT > CU|H0) =1.

Unfortunately, we do not know the asymptotic distribution of Ty, which yields the
critical value ¢,. Following the lines of Chang et al. (2017), we use the distribution
of ||G|| to approximate the distribution of Tyr, where G is a multivariate normal
random vector with mean 0 and covariance matrix whose estimator is ¥ ~nT. The

matrix W ~nt is defined by
@NT = (IK ®2)QNT<IK ® 2)7

where Z = [diaug(f\(()))}_l/2 ® [diag([\(O))]_l/Q, and Qn7 is defined by
T-K-1

ovr= 3 KL,

j=—T+K+1 T
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where

fi= (VeC(étJrlé;), e ,Vec(éHKég))/,
T-K :
7‘1(])2 ﬁ t=j ftft/—j7 J 20
i S feifls <0,
25 rsin(6mwx/5)
K(x) = [ ~ cos(672/5)|,
(x) 127222 | 6ma/5 cos(6mz/5)

with by a bandwidth diverging with 7' (see Section 2.7.2 for more details about the
data-driven bandwidth). Then we define ¢, by

PT(HQAHOO > é77|é17 e '7éT> =1,

where G ~ N (0, v ~nr). The value ¢, can serve as the critical value for Tyr due to

the following theorem, which needs the additional assumptions as below,

A9. There exist constants ¢i, co > 0 and 7, € (0,2] such that Pr(le;;| > x) <

c1 exp(—caz™).

A10. The error € in model (2.1) is S-mixing with mixing coefficients satisfying

B, < exp(—c3k™) for some constants 3 > 0 and 7, € (0,1].

A11. There exists a constant ¢4, > 0 and ¢ > 0 such that

JIRTHE : 1 mtq 124¢
2 liminf, o infy<o E(| 75 Ltemt € t+kEjt] )

m-+q

|\/L§ t=m+1 ei,t+k€jt|2+<> < .

< limsup,_, ., Sup,,<o E(
Theorem 4. Suppose Assumption A9-A11 and the conditions of Theorem 2 hold.
If By ~T? for 0 < p < min{1/6,75/(1+79)} and log(p) < CT? for some constants
C and p, then as T — oo,

PT’(TNT > én|H0> — 1.

It is easy to find that the estimated errors should be a white noise vector if the
model is adequate, which dose not only leave more belief on the consistency of esti-
mated coefficients and also makes the spatial effects and the spatial weight matrices

included into our model more trustable .
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2.7 Numerical Study

2.7.1 Performance of QMLE

We generate X; and €; in model (2.1) as follows. Set x, = 3 (so 3 columns in X;)

and we generate X; using vec(X;) ~ N(0,Xy), where

2Iy 05IN 051y
YXx=|05Iy 2Iy 051y
05In 05INn 2IN

The €,’s are independent of each other, each follows a multivariate normal distri-
bution N(0,Iy). Unlike the corresponding simulation setting in Chapter 1, the
simulation for quasi-maximum likelihood estimation needs a error covariance ma-
trix as o2y to achieve the log-likelihood function 2.3. Therefore, we use Iy as
covariance matrix for error term €;, which is commonly used like Lam and Souza
(2018) and Yu et al. (2008).

We set M = 3 for model (2.1). All elements in the parameters ¢, «, v and (3 are
independently generated from the uniform distribution U(0,1) in each simulation
run. To satisfy the sufficient condition for stationarity, every element in ¢q, g, Yo

is divided by 1.2 times the absolute sum of all of them.

As M = 3, we need 3 specified spatial weight matrices Wy, Wyo and Wys. To
simplify the simulation procedure so that each Wy, still has eigenvalues less than
1 in magnitude, which is a part of the stationarity conditions for model (2.1), we
generate each Wy; with only the first three off-diagonals (both lower and upper)
being non-zero. Another procedure where we produce sparse Wy, has very similar

results and is not presented in this chapter.

We use the MATLAB function fmincon to evaluate the quasi-maximum likelihood
estimation 67 constrained for stationarity. Since the likelihood function is in gen-
eral not convex, it is necessary to find a good initial value for the procedure. We
apply the method in Lam and Qian (2017), which can provide an accurate least
square type estimator if suitable instrumental-type variables exist. In our simula-
tions, the X,’s are exogenous and can be the “instrumental variables”. We also
simulate X; to be correlated with €; in general while still using the X,;’s as the
“Instruments” needed in Lam and Qian (2017). It turns out that the initial values
obtained are still good enough for quasi-maximum likelihood estimation Onr to con-

verge to reasonable values as long as the correlations between the elements in X,
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and €; are not too strong, and hence the simulation results are very similar in the

end.

We repeat our simulation 500 times. Figure 2.1 shows the boxplots of the averaged
Ly-error for Oyg, which is ||Onr — 6p|l1/11, under different combinations of (N, T').

It is clear that @ is convergent to the true value as N or T becomes large.
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Figure 2.1: Boxplots of ||Onyr — 6o||1/11. Left panel, from left to right: N =
50,100, 150, T = 100. Right panel, left to right: T = 50, 100, 150, N = 100.

To examine the asymptotic normality of Oyt in Theorem 2, we use the previous
settings for 500 simulation runs. Using the results in Theorem 2, we calculate
S = E(82lny(On7)/0000') as an estimator for . We choose 62 from fyr and
standardize it using the true value o2 and the corresponding entry in the estimated
covariance matrix 3 when (N,T) = (100, 100). The histogram and normal proba-
bility plots in Figure 2.2 show that our standardized estimator follows a standard
normal distribution. Other combinations of (IV,7") produces similar results and are

not shown here.

Histogram of Sample Data and Standard Normal 4 QQ Plot of Sample Data versus Standard Normal

4

T

Quantiles of Input Sample

-4 -3 2 -1 0 1 2 3 4
Standard Normal Quantiles

Figure 2.2: Histograms (left) and normal probability plot (right) for standardized
62, Standardization used the estimated asymptotic covariance matrix derived in

Theorem 2.
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2.7.2 Performance of spatial and diagnostic tests

We use the settings in the previous section except for the values of oy and 7y, which

are set according to three different scenarios:

1. Both contemporaneous and lag-1 spatial correlations are present, ag # 0, vy # 0;
2. Only lag-1 spatial correlation presents, ag = 0,7y # 0;

3. Only contemporaneous spatial correlation presents, ag # 0,79 = 0.

Under scenario 1, all null hypotheses in Section 2.5 should be rejected, while only
HZ and Hj should be rejected under scenario 2. Under scenario 3, only Hj and
H§ should be rejected. Table 2.1 shows the proportion of times H}, HZ and HS are
rejected in 500 simulation runs under the three different scenarios above. Significance
level of the tests are set at 5%. It is clear that in many combinations of (N, T'), our
spatial test is doing very well, rejecting the hypothesis that should not be rejected
below 5% of times, and at the same time rejecting those hypotheses that should be

rejected usually at or above 95% of times.

For the diagnostic test in Section 2.6, since we generate our data using white noise as
errors, ideally we should not reject our null hypothesis of €; being a white noise. To
apply the diagnostic test, we use the data-driven bandwidth by = 1.3221{a(2)T}"/°
suggested in Section 6 of Andrews (1991) and in Section 4 of Chang et al. (2017),
where a(2) = {5 478611 — o) HWK 341 — p1)~} ! with pr and & being,
respectively, the estimated autoregressive coefficient and innovation variance from
fitting an AR(1) model to the time series { f;;}._;, where { f;,} is the I-th component
of f;.

With significance level set at 5% and K = 10 lags considered in the test, Table 2.2
shows the results. As N or T gets larger, the proportion of not rejecting the null

hypothesis is getting closer to 95%.

2.7.3 Power of the diagnostic test

To see the power of our proposed diagnostic test in Section 2.6, we consider generat-
ing €; using a vector autoregressive process of order one, defined by €; = al y€;_1+2,
where the z;’s are independent of each other and all elements in z; are generated
from the tg distribution. All other settings are the same as in Section 2.7.1. When
a = 0, € is a white noise, and so the rejection rate of our diagnostic test should
ideally be at the nominal level. As a increases, rejection rate should increase for our

test, and eventually approach one.
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a#0andvy#0
2 2 if
T=50 T=100 T =150 | T=50 T =100 T =150 | T=50 T =100 T =150
N =25 93% 96% 97% 90% 92% 99% 93% 95% 99%
N =50 91% 92% 99% 95% 98% 99% 90% 95% 99%
N=175 95% 99% 99% 91% 99% 99% 95% 98% 99%
a=0andvy#0
2 2 3
T=50 T=100 T =150 | T=50 T =100 T =150 | T=50 T =100 T =150
N =25 1% 5% 1% 90% 93% 98% 90% 93% 98%
N =50 1% 2% 4% 95% 96% 98% 97% 96% 98%
N =75 2% 7% 0% 98% 97% 98% 99% 98% 98%
a#0and y=0
2 2 3
T=50 T=100 T =150 | T=50 T =100 T =150 | T=50 T =100 T =150
N =25 92% 99% 99% 1% 3% 1% 94% 95% 99%
N =50 92% 94% 99% 1% 1% 1% 92% 99% 99%
N=175 97% 99% 99% 1% 3% 1% 97% 99% 99%

Table 2.1: Percentage of times when different spatial hypotheses in Section 2.5 are
rejected using our proposed spatial test under different scenarios. Significance level
is set at 5% in all cases.

a#0and y#0 a=0and y#0 a#0and y=0
T=50 T=100 T =150 | T=50 T =100 T =150 | T=50 T =100 T =150
N =50 87% 93% 93% 92% 91% 94% 89% 92% 93%
N =100 89% 94% 94% 92% 94% 95% 89% 94% 94%
N =150 92% 95% 95% 93% 94% 97% 94% 96% 96%

Table 2.2: Percentage of diagnostic tests in Section 2.6 that cannot be rejected under
different scenarios, when underlying errors are white noise. Significance level is set
at 5% in all cases, with K = 10 lags considered.
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Figure 2.3 shows the power curves for different combinations of N and T. As T
increases with N fixed, the power of the diagnostic test generally increases, while
it decreases in general when N increases with 7" fixed. The test performs well in
general for different combinations of (V,T), with power quickly approaches 1 as a

increases from 0 to 0.5.
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Figure 2.3: Power curves for the diagnostic test in Section 2.6 with 0 < a < 0.5
for different (N,T") combinations. Significance level is set at 5% in all cases, with
K =10 lags considered.

2.7.4 Stock returns analysis

Although spatial lag models have been used extensively in analyzing economic and
geographic data, financial data is rarely analyzed using such models. In fact, stock
returns can be envisaged to be heavily influenced by the sector and country to which
its parent company belongs. Indeed, through the use of a spatial lag model with

different spatial weight matrix characterizations, Arnold et al. (2013b) shows that
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stock returns belonging to the same country or same industry are spatially related
to each other, with inferences on the three spatial correlation parameters in their
model. Lam and Qian (2017) introduce a spatial lag model with time-lagged effects
on a financial data including 32 stock prices. Their model shows the dynamic and

contemporaneous spatial effects by the estimated spatial weight matrix.

In this section, we apply the quasi-maximum likelihood estimation on the same data
used in Lam and Qian (2017). Based on the finding from Lam and Qian (2017),
only one-lag dynamic spatial effect exists, which confirms our setting in model (2.1).
However, there are some differences from Lam and Qian (2017) in this section. First,
we include individual time lag effect. Then Fama-French factors mainly serving as
”instrumental variables” in Lam and Qian (2017) are removed from the model. The
results shown in Figure 2.4 that is similar to Figure 1.3 in Chapter 1 prove that
quasi-maximum likelihood estimation when instrumental variable is not available
can perform equally as least square estimation with instrumental variable. The last
but not the least, inference results on these financial data are firstly introduced in

this Chapter. More details can be found at the end of this section.

We aim to use our proposed model to analyze the daily log-returns of some stocks in
the Euro Stoxx 50 and S&P500, providing inferences to the model parameters, and
test if contemporaneous or lag-1 spatial correlations are present, while justifying our

final model using our proposed diagnostic test. The stocks we used are listed below.

France Alstom, Total, BNP, Scociete,
Sanofi, Carrefour, LVMH, Vivendi
Germany Daimler, Allianz, Deutsche Bank
Italy ENEL, ENI, Intesa, Unicredit, Tele Italy
Spain Repsol, Banco, Telefonica
US GM, PG, Nextera, American Express,

Citi, Wells Frago, Amgen, Gilead,
Johnson, Costco, Home, CeNTurylink, Verizon
Energy Alstom, Total, ENEL, ENI, Repsol, PG, Nextera
Finance BNP, Scociete, Allianz, Deutsche Bank,

Intesa, Unicredit, Banco, American Express,
Citi, Wells Fargo

Pharmacy Sanofi, Amgen, Gilead, Johnson
Retails Carrefour, LVMH, Costco, Home

Telecom | Vivendi, Tele Italy, Telefonica, CeNTurylink, Verizon
Auto Daimler, GM

We use the three types of spatial weight matrices used in Arnold et al. (2013b) for
modeling the contemporaneous as well as the lag-1 spatial correlations in our model

setting. The first spatial weight matrix W; used has, for ¢ # j, the (7, j)th entry
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being the weight in either the Euro Stoxx 50 or the S&P500 index for the jth stock.
The second spatial weight matrix W5 has, for i # j, the (7, j)th entry being 1 if
the two stocks’ parent company are in the same country. Finally, the third spatial
weight matrix Wj is similar to W5, except that it is measuring stocks within the
same industry branch instead of country. We perform row normalization on all of

these three matrices.

We set two covariates, one is the national index, where we use the daily log-return
of one of the five national indices S&P500, CAC40, DAX, IBEX or MIB that corre-
sponds to where the parent company of the concerning stock belongs. The other one
is the Industry index, where we use the daily log-return of the stock’s corresponding

industry index in Europe or US. Table 2.3 shows that all the three spatial weight

a1 Qo Qs
Value 9.36 x 10~ 22 %1073 1.4 x 1073
SD. 29x1077 4.9 x 107° 1.4 x 1076

o0} Yo Y3
Value —1.8 x 1073 7.55 x 10~* 1.8 x 1073
SD. 45x1077 8.1x 1077 5.7 x 107°

0 f1 (National Index) s (Industry Index)
Value 1.2 x 1073 1.8 x 1071 6.9 x 1071
SD. 94x1077 5.4 x 1077 4.7 x 1076

Table 2.3: The values of &, 7, gg and B, with estimated standard deviations (S.D).

matrices should be included in our model for both contemporaneous and lag-1 spa-
tial correlations. The contemporaneous spatial correlation is most affected by where
the parent company belongs, followed by industry branch, but the reverse is true for
the lag-1 spatial correlation. The two covariates are very important too. Figure 2.4
shows the heatmaps of the two constructed spatial weight matrices Z?Zl a;W; and
25’:1 4;W;. For the former, it is obvious that there are some block patterns. These
blocks represent the stocks in the same country or in the same industry. Meanwhile,
the stocks are related strongly with each other if they are either all from Europe or
from US. It is interesting that the ninth stock and twentieth stock are related with
each other, although they belong to Germany and US auto industry respectively.
The ninth stock is Daimler, while the twentieth stock is GM. But Daimler owns part
of GM by spin-offs. This fact means that our linear combination of different spatial

weight matrices can reflect a more general pattern and let us learn from it.

Another important feature shown in the first matrix is that there are three bars

with larger values comparing with all other areas in this matrix. They represent
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Figure 2.4: Upper: The matrix Z?:l &;W;. Lower: The matrix Z?:1 4 W,. From
1 to 32, the stocks are Alstom, Total, BNP, Scociete, Sanofi, Carrefour, LVMH,
Vivendi, Daimler, Allianz, Deutsche Bank, ENEL, ENI, Intesa, Unicredit, Tele
Italy,Repsol, Banco, Telefonica, GM, PG, Nextera, American Express, Citi, Wells
Frago, Amgen, Gilead, Johnson, Costco, Home, CeNTurylink and Verizon respec-
tively.
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Sanofi (France Pharmacy), Vivendi (France Telecom) and Allianz (Germany Fi-
nance). Therefore, these three stocks have a significant influence on the whole of

Europe stock market. The second matrix in Figure 2.4 also shows a similar pattern.

Finally, we test for spatial correlations in the model and perform our diagnostic test.
We reject all null hypotheses H} to Hj in Section 2.5 due to the approximately zero
p-values (4.5 x 1078,2.3 x 1078 and 1.0 x 10~* respectively). Therefore, we conclude
that these stock returns are under both contemporaneous spatial effects and lag-1
spatial effects. Meanwhile, using the proposed vector white noise test, we cannot
reject the null hypothesis that our model residuals are white noise when we consider

all lags from 1 to 10.

2.8 Conclusion

This chapter is mainly to discuss the inference for the spatial dynamic model includ-
ing a Wald test on the coefficients of the linear combination of the specified spatial
weight matrices and a diagnostic test whether the fitted residuals perform like a
white noise vector. All theoretical results and inference are built upon the scenario

when both sample size T" and panel dimension N go to infinity.

The spatial dynamic model used in this chapter is a dynamic high order spatial
model that the contemporaneous and time-lagged spatial effects are estimated by
two linear combinations of a set of specified spatial weight matrices. Using a linear
combination of spatial weight matrices not only one specific spatial weight matrix
is for the avoidance of misspecification. This high order spatial model is good to
avoid misspecification but more likely to include irrelevant spatial weight matrices,
which makes the Wald test on the coefficients of linear combination followed more
necessary. At the same time, time-lagged spatial effect is also included to figure out
the delayed spatial effect. This can also be checked by the Wald test by setting a
specified null hypothesis as shown in our simulation. The last but not the least,
the diagnostic test on the estimated residuals is also important for the fitness of our
proposed spatial dynamic model, as the fitted residuals performing like the white
noise vector can prove the well fitness and correct choice on the specified spatial

weight matrices of our model.

The estimation used in this chapter is quasi-maximum likelihood estimation. As
shown in Theorem 2, the convergence rate v/ NT comes from the fact that the
fixed effects are embeded into the covariates in model (2.1). It helps to reduce the
dimension of the parameter to a fixed number. Apart from this idea, we can also
apply the same method used in Yu et al. (2008) and Li (2017). It is convenient to
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concentrate fixed effects out by doing forward orthogonal difference or deducting
the means. As the main goal here is inference not the fixed effect estimation, the
proposed method makes sense here. For the future studies, there are already many
existing asymptotic normality results including fixed effects such as quasi-maximum
likelihood estimator in Li (2017) and generalized method of moment in Lee and Yu
(2014a). We can extend our inference to these spatial dynamic model with fixed

effects.

Talking about the forecasting power of the proposed model, it is same as the discus-
sion in Chapter 1 Conclusion Section that it is hard to use our model to forecast y,
due to the large N. As the main concerns for this chapter are finding spatial weight
matrix by quasi-maximum likelihood estimation and inference about the estimated
coefficients of the high order spatial model and the whiteness of fitted residuals, we
can leave the prediction of the proposed vector autoregression model in the future

work.

2.9 Discussion for Methodologies in Chapter 1
and Chapter 2

Both model (1.1) in Chapter 1 and model (2.1) in Chapter 2 belong to the high
order spatial autoregression model. It means that spatial effects are included into
the model by a linear combination of pre-specified spatial weight matrices. The
parameters for estimation are the coefficients in the linear combination. The main
difference here is that a least square type estimation is used in Chapter 1 and
the quasi-maximum likelihood estimation is applied in Chapter 2. Although the
advantages and disadvantages for these two methods and relevant references have
been introduced in Introduction of both Chapters, I conclude here based on the

results in Chapter 1 and Chapter 2.

First, as the innate endogeneity in the spatial autoregression model, least square
type estimation ,like the profiled least square estimation, only works with the ex-
istence of instrumental variables. In reality, instrumental variables are not always
available. Therefore, we propose the quasi-maximum likelihood estimation in sec-
ond Chapter without the usage of instrumental variable. The real data results of
first two Chapters are similar, especially the estimated spatial weight matrices have
an identical structure. As discussed in Section 2.7.4, the quasi-maximum likelihood

estimation performs as well as the least square estimator with instrumental variable.
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Second, quasi-maximum likelihood estimation is also challenged by some references
due to the flat likelihood in high order spatial autoregression model. In our simula-
tion and real data analysis, quasi-maximum likelihood estimation is computationally
infeasible when M (the order) or p (the length of lag) are slightly large. To improve
the performance, we find that using least square type estimator even without ap-
propriate instrumental variables as initial value in algorithm of maximum likelihood
estimation can significantly improve the validation of quasi-maximum likelihood es-

timation.

In conclude, both least square estimation and maximum likelihood estimation in
spatial autoregression model have their pros and cons. Especially, in reality, only by
using one of them can not provide a convincing result due to the lack of working-
well instrumental variables and complex parameter space respectively. So it is wise
to combine two methods through using maximum likelihood estimation with initial
values from least square estimation when the instrumental variables are not perfectly

€X0genous.

2.10 Technical Proofs

To prove the asymptotic results of the quasi-maximum likelihood estimation éNT,
we need to deal with the log likelihood function and it’s derivatives. Note that the

only stochastic part of the log likelihood function (2.3) is a function of €(¢).
According to (2.1) and (2.4), we have

M M
a(€) = vi— D> aWoy,— Y wWoy, — ¢y — Xif

=1 =1

= € — LNt(Oé - ao) - ONt(5 - 50) (211)

Due to (2.8), the stochastic part of y, has a moving average representation and we

define the following two general series to deal with it. Denote

Unt = Z PNhftJrlfh; Ve = Z QNhetJrlfha (2~12)
h=1

h=1

where Pyj, and )y, are sequences of N X N non-stochastic square matrices. Before
giving the proof of Theorem 1, we introduce some useful Lemmas first.

Lemma 1. For N x N matrices Gin = (G1,5) and Gay = (G2,j),

denote Cov(egGlNes, E/QGQNE}L) by A(t,s,g,h). Suppose Assumption A2 holds and
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we have
N
Alt,s,g,h) = (Bely — 300) Y G14iGai + oy [tr(GinGhy) + tr(GinGan)),

i=1
fort=s=g=h,

N
A(t,s,g,h) =T(t — g) ZGl,iiGZiiu fort=s#g=h,
i=1

N
A(t,s,g,h) =T(t —s) Z G1:iGaii + ogtr(GinGhy), fort=g+#s=h,

=1

N
A(ta S, 4, h) = F(t - S) Z Gl,iiGQ,ii + Uétr(GlNGQN)a fort=h#s=g,

i=1
and 0 otherwise.

Proof of Lemma 1.

Under Assumption A2, {e;;} are uncorrelated across ¢ and ¢. Thus,
E(€,Giyes) = ogtr(Gin)I(t = s), (2.13)

where I(t =s) =1 for t = s and I(t = s) = 0 otherwise.

Note that {e;} and {e;;} are independent for ¢ # j under Assumption A2, and we
obtain E(e;e;sepgeqn) 7 0 only if i = j and p = ¢, or i = p and j = ¢, or i = ¢ and
j = p. Therefore,

E| E €itG1,ij€;s E  €p9G1,pqCqn]
ij P

N N N
= Z GriiGaii B (eieisigin) + Z Z GriGappE(eireis) E(epgepn)
i=1

1=1 p=1,p#i

N N N N
+ Z Z GLijGoiE(eieig) E(ejsejn) + Z Z G1iiGajiE(enemn) E(ejsejg)
i=1 j=1,j#i i=1 j=1,ji
= [Eleaciscigein) — Eleieis) Eepgepn) — Eleneig) E(ejsejn) — Eleien) E(ejsesq)]
N
Z Gl,iiGQ,ii + E(eiteis)E(epgeph)tr(GlN)tr(GgN)
i=1

+E(eieig) E(ejsejn)tr(GinGay) + E(enen) E(ejsejo)tr(GinGay).
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Combining (2.13), we get fort =s=g=nh

A(t,s,g,h) = E|[(€,Gine€s)(€,Ganer)] — E(€,Gines)E(€,Ganep)

N
= (Eezlll — 303) Z Gl,iiGZ,ii + O'é[tT(GlNG/QN) + tT(GlNGQN)].

=1

Thus the first equality holds. Noting F(e;e;s) = 0 for any t # s, we can similarly
prove that the other equalities of Lemma 1 hold.

Lemma 2. Under Assumptions A2, we have fort > s

EUpVns) = ogtr(d>_ Phy o nQan) and

h=1
t—s oo N
Cov(u]/VtVNhu]/stNS) = er(t — S +g - h Z P]/VhQNh zz P]/VgQNg) %
h=1 g=1 i=1
N
+ Z ZF -r Z PN,t75+hQN,tfs+h)ii(P]/\[rQNr)ii
h=1 r=1 i=1
0o 00 N
+ { 9> (Phyain@namstg)ii(PhnQnyg )i
h=1 g=1 =1

roltr(P t,ﬁh@N,tfsw@?wPNh)}
+ {F (h—g Z(lev,t—erhQN,tfﬁg)ii(PngQNh)ii
h=1 g=1

+O-étr(f)]/\/,t—s—i—hCQN,t—s-i-gCQE\ngNh) }

oo N
—2B€f; > Y (Phvosrn@ni—stn)ii(Prn@nn )i

h=1 i=1

Proof of Lemma 2.

(i) By (2.13), we have

EUyVns) = Z Z E(€ 1 nPynQ@nr€ssi—r) = Jgtr(z PJ,V,t—s—i-hQNh)'

h=1 r=1 h=1
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(ii) For t > s, Un; and Vy, can be rewritten as
t—s

Uny = E Pny€ipi—n + g PN s1g€s11-g,

h=1 g=1

t—s o7}
Ve = g QNh€ty1-n + E QN t—s1+g€s+1—g-
h=1 g=1

Under Assumption A2, we have

Cov E PNh€t+1 h E Qt s+g€s+1— gauNsVNs) =0,

g=1
Cov ZP]\” s+g€EN,s+1— thSQNhENH—l h’uNsVNS) =
g=1
Thus,
Cov(Uy Ve, Un Vns) = A + Ao,
where

t—s t—s 00 00
. / / ! /
Ay = COU( E € i-nLan E QNn€r1-n; E €n,sr1-gENg E QNgen,erlfg)?
h=1 = = =
oo

AQ—COU( E €st1—g Nt s4g E QNt s+g€s+1—g» E E5-1-1 gPNgE QNQGS-H 9

g=1

Using Lemma 1, we obtain

t—s oo
Al - Z Z Cov <€;+1_hPJ/VhQNh€t+1_h7 €;+1—9PJ/\/gQNges+l—g)
h=1 g=1
t—s oo N
= er(t_8+g_h Z NhQNh it P]/\ngNg)zm
h=1 g=1 i=1

where and in the following, (M);; denotes the (i,7)th element for any matrix M.
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Let’s turn to Ay then. By Lemma 1, we have

oo o0

Agzggz

h
oo

oo 00
1

/ / / /
Cov (€8+1—hPN,t—erhQNvt—ergesH—ga 6s+1—rPNrQNk€s+1—k)
=1 k=1

/ / / /
E ¢ U(€s+1—hPN,t—s+hQN,t—s+h€s+1—ha es—i-l—hPNhQNhes-i-l—h)
h

T

/ / / /
Z COU(€s+1—hPN,t—s+hQN,t—s+h€s+1—h, €s+1_TPNTQNTes+1_T)
1,r#h

1

o
1

+>
h=1r=
(o0

+ C’ov(e’ P, Q € €. PnpQnge )

s+1—h* Nt—s+h ¥ N,t—s+gCs+1—gs Cs41-h!t Nh' Y NgCs+1l—g

h=1g

=1 g=l,g7#h

/ / / /
"‘E E COU(€s+1fhPN,tferhQN,t*SJrgeerl*g7 €s+17gPNgQNh€S+1fh)
h=1 g=1,r#h

= Agy + Agy + Agg + Agy,

where
co N
Doy = (Eefy —305) Y > (Phassn@ni—sin)is(Ph@wn)is
h=1 =1

+0y Z tT (Px s n @ t—stn Qi Pan) + 11 (P n Qi 5+hPNhQNh)}
h=1

co 00 N
Apy = Z D T(h =)D (Phon@na—sin)is(Ph, Qnr i
r=1

=1

Z Z P]IVt s+hQNt s+h)zl(P]/VhQNh)zz7

h=1 i=1
oo 00 N
Ags = Z Z {F Z(PJ,\/,t—erhQN,t—erg)ii(PJ/VhQNg)z‘z‘
h=1 g=1 i=1
+Uotr(PJ/\/t s+hQNt S+9QN9PN]’L)}

0o N

Z { Z N stn@Nt—stn)ii(PynQnn )i

h=1 =1

+UOtT(P]/\Lt_s_,_hQN,t—s-i-hQ/]VhPNh)}
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N
Agy = Z Z {F(h —9) Z(P]/V,t—s_y-hQN,tferg)ii(P]/\ngNh)ii

+081757‘(PJ,v,t—erhQNvt—”gQ/NgPNh)}
N

=3 {rO) S (Pl cin@ua i) Phn Q)i

h=1 i=1
+‘73t7’(Pl St stn@n.t— s+hPNhQNh)}
Therefore, we obtain the results of Lemma 2.

Lemma 3. Suppose assumptions A1-A7 hold. Then for any N x N non-stochastic

matric Gy = (Gyj) with finite Ly norm and L norm, it follows that

T T
1 1 1
(’L) — E €;GN€,5 —F— E E;GNEt = Op(—)
NT ~ NT VNT
1 T
and EW E E;GNEt = 0(1)

t=1

T
1 1
EL Lyt = B Y LyiGuLye = Op(——
(”) GN Nt NT < NtGN Nt OP(\/W
1 T
CLndEWE L/NtGNLNt:O<1)
t=1

T
1 , 1
(ZZZ) E O GNONt — EW t_g 1 ONtGNONt = Op<—)

3

and E— Z O GnOne = O(1)

T
1 /
(ZU) ZLNtGNet WZLNtGNet :Op( )

1
VNT
and E— ZL Gne = 0(1)

1
(v) ZONtGNet p(ﬁ)

and E—ZO Gne = 0.

Proof of Lemma 3.



(i) By Lemma 1, we have

T
A = %;V@T(E;GN€t>

= (Bet, —303)— ZG tr (GNGy) +tr(G%)]

= 0(1)

due to the finity of ||Gn||1 and ||Gx|/s. By Assumption A2(ii) and Lemma 1, we

have
Ay, = ig Cov(€,G e, €.GnE,)
2 NT — t NE€t, S NE€s
_ 2N"rg EjG
- NT °
s<t
= 0O(1).
Hence,

2
—_ Y@ N eGye) = A+ Ay = O(1),
< tzlﬁt NE€t — tzlet N€t> 1 2 ()

which implies the first part of (i) in Lemma 3. Since ||Gn||; and [|Gn||« are both

finite, we have

T
1 ol
Eer ; €Gye = Eﬁotr(GN) = 0(1).
(ii) Note that the (4, j) element of Ly,GnLn: is y,W(,GNnW,y;. By (2.8), we get
ViWLGN Wy, = EnyWL,GnWo;Ene + X (Wo,GyWo; + W, Gy W, ) Ene
+ X0 Wo, Gy Wo; X
=: Hy ne + Ho ne + H3 e

To prove the first part of Lemma 3, we only need to prove for i = 1,2, 3,

), (2.14)

1
ﬁzl: 1,N' ZHZNT_

%F
~
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Since {X},} are non-stochastic, it is obvious that the left side of (2.14) is zero for
i = 3. Using lemma 8 of Yu et al. (2008), we can obtain (2.14) holds for i = 2.

Next, we deal with the case i = 1. By (2.8) and (2.12), we have Hy ¢ = UVt
with Py, = Wy AN Hy' and Qny = GyWo, AR Hy'. Therefore, we only need to
prove that

T
E{\/%;HLM ZHth} = = Var( Zumvm — O(1). (2.15)

On the other hand, by Lemma 2,

T T T
1 1
~rvar ZuNtVNt - N7 Z ZOOU UNtVNta uNsVNS)
NT NT t=1 s=1
| I
= o DD (Dult = 5) + Daft = 5) + Dyft — 5) + Dalt — 5) + Dt — 5))

where D;(t — s) is the corresponding part of Cov(Uy, Ve, UnVns) in Lemma 2.
Since I'(h) is summable, under the Assumptions A2-A7, the same proof of Lemma
6 of Yu et al. (2008) yields that

1

~T > (Dot — )+ Dyt — 5) + Da(t — s) + Ds(t — s)) = O(1).  (2.16)

s=1

1

From Lemma 2, we have

1 T T
— Di(t — ’
NT;; it —s
T T t—s oo N

’NLZZ ZFt—S—Fg-hZPNhQNhuPNgQNQ)
— =1

t=1 s=1 h=1 g=1

oo oo N
< %ZZZ abs( Py, Qnn) zzabS(PNgQNg u%ZZW (t—s+g—h)
h=1 g—1 i=1 t=1 s=1
oo oo N
S %ZZZ hQNh “abs PNQQNg ZZ;ZZ’F
—1 g=1 i=1 =1 =1
oo oo N
_ Z |F(j)|% Z Z Z abs(PNhQNh)uabS(PNgQNg)

92



due to Assumption A2 and the same proof of Lemma 6 of Yu et al. (2008). Combin-
ing with (2.16), we have showed that (2.14) holds for ¢ = 1 and thus the first part
of (ii) of Lemma 3. By Lemma 2 and similar method, we can easily show that the

second part of (ii) of Lemma 3 holds.
(iii) Note that X; is non-stochastic and the same method as (ii) can yield the results.

(iv) By (2.1), we have

M M
e =y — (D aiWo)y, — (D 10:Woi) vimr — dovir + Xifo.
=1

=1

Using the same method as (ii), we can get the results.

(v) By Assumption A2 and the definition of Oy, we can easily verify

T
1
EW ; OA,NtGNEt =0.

Using the same method as (ii), we can obtain the results.

Lemma 4. Suppose U; = (u;s) are N x N matrices, i = 1,..., M. It follows that

- tr(UU7)  tr(UU}) -+ tr(UsUy,)
1§ non-negative.
Proof of Lemma 4.
We only need to prove Uz > 0 for any M dimensional vector z = (z1,...,z5)".

Note that

/ !
?Ux = E xitr(Uin)xj: E T 5 Wi s ksLj = E E Wi Jos TiT U5 ks
1,7 N k,s ks i,
2
= E (g T gs)” > 0.
k,s 7

Thus, we complete the proof of Lemma 4.
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Lemma 5. Let © be any compact parameter space. Then under assumptions A1-A7,
it follows that

(1) In7(0) — Elnr(0) L5 0 uniformly in ©,

(i1) Elxr(0) is uniformly equicontinuous for 6 € ©.

Proof of Lemma 5.

(i) By (2.5), we have

T
1 1 1 1
Elnr(0) = 510g27r + §loga2 — Nlog|HN(a)| + WE; € ()€ (). (2.17)

From (2.5) and (2.17), we get

Int(0) = Elyr(0) = = [+ D _€l©)el§) — =B Y e(€)e(s)].

The compactness of © implies all parameters are bounded, therefore we only need

to prove

7 S elOele) ~ =B S ©ele) a0 (218)

From (2.1) and (2.4), we have

M M
&) = yvi— (D W)y, — > 1iWoiyioy — 0¥y — Xif3
=1 =1

= LNta() + ONt(SO + € — LNtOé — ONt(S
= € — LNt(Oé - Oé()) - ONt(5 - 60)

Therefore,

Gg(f)et(f) = 62615 + (o — Olo)lLthLNt(Oé —ap) + (6 — 50)/O§wONt(5 — do)
+2(Oz — ao)/L/NtONt((S — 50) — 2(& — Oéo)/LthEt — 2(5 — 50)/O§Vt€t- (219)

By Lemma 3, (2.18) holds.

ii) Since O is compact, we have tlogo? is equicontinuous. According to (2.17), we
p 2108 q
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only need to prove

1
Nlog]HN(a)] is equicontinuous (2.20)
and
1 T
202NTE ; €;(&)€ (&) is equicontinuous. (2.21)
For any oM and o!?, there exists a* between a¥) and a(? such that

1 1
logl ()] — Flog| Hy(a®)]

= %(tT(WmHNl(OC*))’ . 7tT(WOMH;]1(Oé*))> (a(z) _ 04(1)),

By Assumption A5, %tr (WOZ-HR,I(Q*)) is bounded for ¢ = 1,---r, which means
(2.20) holds. From (2.19), Lemma 3 and the compactness of ©, using the same
method as proving (2.20), we can obtain (2.21) holds.

Lemma 6. Suppose Assumption A1-A7 hold. If furthermore e are uncorrelated

across t, then it follows that

\/ﬁ—alNge(%) ~5 N(0,9),

where = limy_, o Qnr with Qnr defined by (2.36).

Proof of Lemma 6.

By (2.36), we know

Var(\/NTal%e((%)) — Qo

Thus, to prove Lemma 6, it suffices to show that for any nonzero 2M + K, + 2
dimensional vector a = ((a')’, (a®)', (a®)"), where a', a® and a® are M, M + k, + 1

and 1 dimensional vectors,

CLI@ZNT(GO)/(?Q i> N(O, 1)' (2.22)
\/V&T (a/alNT(HO)/ae)
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Let By = a1B)y; + -+ + an By, we have

T T

Al (6 1 _ 1 _
NI LSS o Be — 23 [€1Byer — odtr(By)
00 0 = 05 =
1 & 1 <
2N\ Y/ 31 1 2
—— O € — —— - N
77 2 (a*)' Oy 307 2 a’|ejer — Nog)

T
= Z (uJ,V,t—let + D& + € Mye; — tT(MN))

t=1

NE
WE

L Nt,is

t=1 =1

where Dy = BXy By + Xi(aanrs2, 5 Gantinat1)s My = B+ asnrin,+2ln, and Uy,
is defined in (2.12) with Pyj, = [BT(@O) + Y((arrs1, - ,a2M+NI+1)’)}A7VH]§1, and

i1
Tnei = (Uis 1 + dye)ew +myales — og) + 2(2 MN,ij€jt)€it, (2.23)
=1

with 7hy,; being the (4, j)th element of My = (My + My)/2. myu's are the
diagonal elements of My Since €2, are uncorrelated across ¢, by Assumption A2 and

Lemma 1, we obtain that

Iy = Var(dNTM)

a0
0o T N
= Togtr()_ PiyPan) + 00> DiDye+ T(Eefy, — 305) > mi
h=1 t=1 =1
T N
+Tog (tr(MyMyy) + tr(MR)) +2Ee; > Y~ dyum,i,
t=1 i=1

where my ;;’s are the diagonal elements of My and dyy; is the ith element of D .
Under Assumption A2-A7 , using the same method as in Lemma 3, we can verify
that

Iyr = O(NT). (2.24)
Define the o— field

‘FN,t,’L' = 0<ell76217"‘ yEN1y " 5 €141, ENt—1,€1,, " " 76N,t)
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with Fnio = Fye—in. Let j=N(Et—-1)+ifort =1,--- T andi=1,---,N.
Assumption A2 means that {z; };V:tl form a martingale difference array with respect
to {F,;_1}. According to the CLT for martingale difference in Pénsler and Prucha
(1997, p.235), it is sufficient to prove that for some

1 -
HHTMZZE\:CN i /2—>Oand—ZZExN”|]:nm 1) — 1 (2.25)
NT t=1 =1 t=1 =1

From (2.23), C, inequality and Holder inequality together with Assumption A2
imply that

E|=TNt,i|2+T/2

i—1

< C|:E|<ui,t71 + dii)ew|? + [mu s P2E| (€ _U§)|2+T/2_'_2E|(ZmN’ij€jt>eit|2+T/2i|
j=1
i—1
T T T 1/2 T T 1/2
< C[(E‘ui7t,1’4+ + ‘dNti’4+ )E‘eit|4+ } / +C+2[E|ZmN,ijejt’4+ E‘eit’4+ } /
j=1
—1
< C+ C(Eluga ")V + C(Z [rris))' /2.
]:

Since Assumption A3-A6 ensure the L; norm and Lo, norm of 7 Pyj, and My
are bounded, we have Z;;ll Imyij] < C and El|u;;1|*™ < C due to Assumption

A2. Therefore, E|xy:;|**™/?, which means

T N
> ) Elanl*? = O(NT). (2.26)
t=1 i=1

(2.24) and (2.26) yield

1+7'/4 Z Z Elay| 7% = (NT)"/* — 0.

t=1 i=1

Namely, the first part of (2.25) holds.
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On the other hand, by (2.23) we obtain

i—1
~ 2
Bl Fraict) = og(uniri+dni+2) mngen) + (Bely — og)mi
i=1
i—1

+2Ee:1)’1mN,n- (UN,thi + dNti + 2 Z mNﬂ'jejt) :
j=1

Denote M ~ be the lower diagonal matrix of My and M}{, be the diagonal matrix

with the same diagonal elements as My, we have

N

Z E($?Vt,i|-7'—N,t,i—1) = Ug(UN,t—1 + Dyt + Mﬁﬁt)/(UN,t—l + Dyt + M}\?Gt)

i=1

N
+(Ee}, — a7) Z m?\,“ + 2Ee3 Mg (UN,t_1 + Dyt + ]\Z/K,et).

i=1

Lemma 3 means the second part of (2.25) holds. Thus, we complete the proof of

this lemma.

Lemma 7. Under Assumptions A2-A8, ¥ = limp_, Xy S nonsingular, where
YN is defined in (2.37).

Proof of Lemma 7.

Denote

T T T
Joo =EY OnOni, Jas =EY OnOni, Tss=EY  OngOni.
t=1 t=1 t=1

We have
jococ «7045
EJnt =
a5 Joo
Assumption A8 means that
Too — TasTss T.s i positive definite. (2.27)

Let a = ((a'), (a?), (a®)") be a 2M + K, + 2 dimensional vector, where a', a* and a?

are M, M + k, + 1 and 1 dimensional vectors. We only need to prove that ¥a = 0
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implies @ = 0. By the definition of Jyr and (2.37), we obtain
1
90

T + limp_, o0 % (tr(B?WBNj) + tT(BNjBNi))MXM Tas limy o0 %t}(BN)
a6 Jss 0

limT_,oo %{T‘(BN)/ 0 5.2
Therefore, >a = 0 implies

. 1 1 2 : L - 3
jaa + jll_fgo N(tT(BszBNJ) + tr(BNjBNi»MXM] a + Jaga + 711_{20 Nt’l“(BN)CL = O,

2 _ g1 1
a” = =55 Jas0
. 202 -
a® = — lim —2#r (By)a'.
T—oo T

By eliminating a? and a?, the above first equation becomes

(oo = Tus T35 T

.1 2 - -
+ lim N |:(tT<B§\/'ZBN‘]> + tr(BNjBNi))MxM — Nt?“(BN)tT/(BN)] }al =0.

T—o0

Denote Cy = (Cny, -+ ,Cy,)" with Cn; = Byi — tr(By;)In/N and we can verify
that

2 -~ ~ 1
tT(BEViBNj) + tT'(BNjBNi) — NtT(BNi)tT(BNj) = §t7“ [(CNz + C;Vz)(cnj + C;V])/} .
By Lemma 4 and (2.27), we know that
-1 ! . ]' 12 2 ~ ~ /
jaa - jaéj&g jag + jll_r};o N [(tr(BNiBNj) + tT(BNjBNi))MXM - NtT(BN)tr (BN)]

is positive definite, which implies that a' = 0 and hence a = 0. Now, we complete

the proof of Lemma 7.

Lemma 8. Suppose Assumptions A2-AS8 hold. Then, for any 0, Rt 0y, we have

Plnr(0.) P o 0lnT(0.) ==0lnT(04) P

Proof of Lemma 8.

99



We only prove the first part of this lemma since the second part can be obtained

using the same method. Note that

lnr(6,) - Plnr(0.)  Plyr(fo) N *Inr(0o)

0000’ 0000 9606" S0 oNTthNT = X

Since ¥ = limy_,o X7, it suffices to prove that

aleT<0*) aleT<00) 82ZNT(90)
- d —( =X : 2.2
2000 pgog 0 ad ey nr =0 (2.28)
From appendix A.2, we have
Plyr(0,)  Plyr(6y) 1 1,1 «
da;da;  da;doy (g_g - a_g)ﬁ ;(Wm}%) Wy,
1
=: ki + Es

Since 02 — 02, Lemma 3 implies F; £ 0. By Assumption A3 and A5, the L; and
Lo norm of By;(a) Byj(a.) are bounded, which implies that +tr(Byi(a.)By;(ow))
is bounded. On the other hand,

1
o [1r(Bri(0) Bri(a)) = tr(ByiBi; )]

= Niagtr[(BNi(Oé*) — Byi)Bnj(ay) + Byi(Bnj(ow) — BNJ.)}

1

— N—Ugtr [ ; Byi(&) B (&) (cr, — aor) Brj ()

+Byi(0) Y Buj(@) Bur(@) (v — vr)]
k=1

= op(1),

where & and & lie between «, and «ag, and ay, and ag are the kth element of o,

and aq . Thus,

By = (G ) B e B0 + g () By (a.) — (BB
= Op(l)
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Now we have showed that

iyt (0s) B D2yt (00) R
OJada/ OJada/

Using the same method, we can show the first part of (2.28) holds. Lemma 3 and

£ 3%t (00)
Jdada’

Then we complete the proof.

the expression o in appendix imply that the second part of (2.28) holds.

Proof of Theorem 1: By (2.2) and (2.4), €,(&) can be rewritten as
(&) = Hy(a)Hy' Onido — Oned + Hy (o) Hy' ey
Due to Lemma 3, we have
Ee(€)e(€) = E(Hy(a)Hy' Onido — Oned) (Hy () Hy'Onido — Onid) + 02Hn (),

where Hy(a) = tr(H;,llH]’V(a)HN(a)H]Ql).
Therefore, denote Qn;(£) = Hy (o) Hy'Onido — Onid and (2.17) yields

Elyr(0) = log2m + Llogo? — +log|Hy ()| + %’HN((X)
+ 5 Larmt BQa(E)Qmel(©):

Hence,
T
Elyr(0) = Elyr(0h) = Siv + 5570 N Z:: Qne(€), (2.29)

where S1y = 1(logo? — logog) — + (log| Hy ()| — log|Hy(ap)|) + 2no_2HN< @) — 1.
Let p(a, z) be the density function of Y(a,0) = Hy'(a)nn(o), where ny (o) is
a multivariate normal variable with mean 0 and covariance o?Iy. we can easily
verify that the Kullback-leibler divergence of p(«, o) from p(ay,0g) is Sy, which
means Sy > 0 and the equality holds if and only if @ = ay and ¢ = oy by
the definition of Kullback-leibler divergence. On the other hand, Hy(a)Hy' =

In + Zi]\il(am - ai)WOingl means that

M
Qni(§) = Oni(6o — 0) + Z(Oém' — ;)W Hy' Onido.
i1
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Since EJyr is nonsingular, we have 5 2 T Zt L EQN(§)Qni(§) > 0 and the equal-
ity holds if and only if £ = &. Thus, we have showed that Elyr(60) has the unique

minimum at 6 = 6.
Combined with Lemma 5, the consistency of On7 follows.

Proof of Theorem 2: According to the Taylor expansion, we have

~ 1 aQZNT(Q_NT) -1 1 8lNT(eO>
VNT (fnr — 65) = — :
(Onr = th) (NT 2000 ) <\/NT B )

By Lemma 6 and Lemma 8, we obtain the result.

Proof of Theorem 3: Lemma 8 implies that
i}NTﬂ)E and QNTAQ-

By Theorem 2, we get the result.
Proof of Theorem 4:According to the proof of Theorem 3 of Chang et al. (2017),

we only need to prove

By (2.19), Lemma 3 and Theorem 2, we have

M:

€ — €t € — Gt)
t:l

~ / 1 / A~
= (aNT - Oéo) T Z LNtLNt(CVNT - CYo) 5NT - 50 Z O ONt 5NT - 50)

2 aNT - Oéo Z L ONt 5NT - 50)

1
= Ol§7

= 0,(1).

)Op(N)

Thus, we complete the proof of Theorem 4.
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2.11 Appendix

To deal with the asymptotic distribution of fyr, we give the first-order and second-

order derivatives.

2.11.1 The first order derivatives

From (2.5), we obtain the first order derivatives of Ly:(f) are

Wrl0) _ s 3 el — r(Bate)], (2:30)
az]g;e) - _ﬁ > Owenl). (2.31)
8lg§§9) -9 N1T04 > [e(©)el§) — No®]. (2.32)

t=1

where t7(By(a)) = (tr(Byi(a)), - -+, tr(Byu(a))) and Byi(a) = W Hy'(a), i =
1 M.

Sy,

Note that y, = Hy'On:bo + Hy' €, (2.30)-(2.7) yield

T2 (%)
oo
R, X
= — i€ — [(BNlet, -, Bynue€r) € — O'StT’(BN)] , (2.33)
VNTo? ; { ' }
Alnr(6o) -
VNTZEY — = NT O e, 2.34
8(5 NTO'% p Nt€t ( )
Dl r(0o) 1 )
VNT S — No2. 2.35
907 3o 2 (56t = et (23

Next, we compute the covariance matrix of v/ NTalNat—cggo). From (2.33)- (2.35)and
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Assumption A2, we have

QNT,O(Q

QNT,a5

QNT,acr

QnT.56

QNT,(SU

QNT,UU

_ E\/—alNT(‘g()) .\/ﬁﬁl]\m(&o) _ 1 N Eel, —aj

oo oo/

1

O'gNT tr(BszBN]) +tT(B§VzB§Vj))M><M

N
~ = 1
E Z ONiOne + N(
t=1

4 4 N
+M( E BN'kk:BN'k:k)
No-al % I MxM 7

azNT( ) Alnr(6o) 1 N
EVN VNT o5 :UgNTE;ONtONt,

4

E\/—alNT( ) mal]\['p(eo) _ t}(BN) + E@zlll — O

4
B
D2 N oNot T(B):
Al (6o) A7 () 1
BEVNTZEE /NT = EY
06 08 ogNT 4= TniOne

pyNT ) ),
o

4

do? do? 20 408

Note EvV NTBZ%Q(GO) = 0, we have

QNT,aa QNT,azS QNT,ao'

ol 0
Qnr =: Var(v NTM) = | Uvras Ovres Uvrse | (2.36)

Jda

/ /
QNT,aU QNT,(5U QNTJU
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2.11.2 The second order derivatives

From (2.30)-(2.32), we have

Inr(0) _ 1 ET: [L’ Int + (Tr(Byi(e) Byj())) }
S NTo? 3 NelNT Ni Nj MxM
D?In7(0
aaaaf - NT 2 ZL (O
DIyt (0
304802 N TJ4 Z Lvienls
O?lnr(6
8585’ - NT 2 ZO (O
P2l (6) -
55907 NT0'4 tzl ) tﬁt
aQZNT d / 1
(002)? NT06 ; et =55

Note that y, =

ENTaa = E% - T]\1702 Z OniOne + N1
YNTa6 =: E% = ﬁE Z ONiOne
D )]

YNTs5 = E% = ﬁEtZZO Ont,
YNT 0 =t E% = 0,

YNT00 = E—ai?;()?) = 2%3 — Tiag

Denote the information matrix by ¥ yr and we have

ENT,oza ENT,oaS

Olnr(6o)
YNt =: VCLT(\/ NT—aa ) = Z/NT,azS ENT,(S(S
2§VT,ao 2/NT,50
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(tr(By;Bnj) + tr(By;Byi))

Hy, LYONi0o + H €;, by Assumption A2 we have

Mx M’

ENT,om'
(2.37)

ZNT,(SU

z:NT,acr



Furthermore, comparing with (2.36), we have

where

_ 1
Qnr = XNr + ENT + O(T)’

N
(Yoket BNikk BNjikk) ypns
O/
Mx(M+kqg+1)

ﬁt}(BN)’
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001 x (M4ro+1)

O(M4rat1)x (M+ra+1)

0

/
(M+kz+1)x1

(2.38)

O(M4rat1)x1

2
Q |~
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Chapter 3

Integrated Volatility Matrix
Estimation with Nonparametric

Eigenvalue Regularization

3.1 Introduction

For multivariate high frequency data analysis, a major problem concerned is the
volatility matrix estimation on non-synchronized prices, allowing for the presence of
microstructure noise. The problem can become more challenging when the matrix
dimension p diverges with sample size n in the multivariate high frequency data.
This chapter mainly proposes three estimators for large integrated volatility matrix
by applying a nonparametric eigenvalue regularization on three existing multivariate

realized volatility matrix estimators, which already perform well in fixed p setting.

It is commonly known that high frequency data has two main problems: microstruc-
ture noise and non-synchoronous trading times. Microstructure noise can come from
many reasons, such as price discreteness and bid-ask spread bounce, which cause
spurious variation in asset price. And the non-synchoronous problem refers to the
situation that the different assets are traded at distinct times or their prices are
observed at mismatched time points. Without these two problems, the realized
volatility estimator that simply sums up all squared returns in a specified duration
works efficiently. However, even only contamination from microstructure noise can
make the realized volatility estimator undesirable due to inconsistency. As the dis-

cussion in Zhang (2006), the bias and variance of realized volatility estimator are
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of same order as the sample size n under the discrete observation. As for the non-
synchoronous trading times, Epps (1979) introduces Epps effects that asynchronicity
causes high frequency covariance estimates to be biased towards zero, as sampling

frequency increases.

Regardless of the high dimensional problem, there are some existing works for high
frequency volatility estimation considering microstructure noise and non-synchoronous
trading time for fixed dimension p. See for instance Ait-Sahalia et al. (2010) and
Xiu (2010) for using maximum likelihood approaches, Griffin and Oomen (2011) for
studying various existing estimators at the time assuming independent and iden-
tically distributed microstructure noise, while Zhang et al. (2005) uses a two-scale
estimator to remove the bias and its multivariate extension can be easily applied by
using the all-refresh time scheme with previous-tick times to overcome the problem
of non-synchronous trading times. All-refresh times are defined as the time points
where all assets are traded at least once starting from a previous all-refresh time
point, while a previous-tick time for an asset is the last trading time before an

all-refresh time. For other refresh-time schemes, see for example Fan et al. (2012).

Using the all-refresh times and previous-tick times, some more efficient nonpara-
metric volatility matrix estimators are proposed in the recent literatures including
a multi-scale realized volatility matrix (MSRVM) (Zhang, 2011), a kernel realized
volatility matrix (KRVM) (Barndorff-Nielsen et al., 2011) and a pre-averaging re-
alized volatility matrix (PRVM) (Christensen et al., 2010). These three different
estimators are all consistent at different elementwise rates of convergence, but the
number of assets p is assumed fixed in all cases. When p is growing with the sample
size m, in particular when p/n — ¢ > 0, it is inevitable that their performances will
be poorer since all three estimators are still basically a realized volatility matrix,
albeit modified to remove the bias from microstructure noise. Kim et al. (2016)
points out that all three estimators are inconsistent when p/n — ¢ > 0. Under
the assumption of sparseness of the true integrated volatility matrix, the paper pro-
poses to threshold the estimators and proves that a proper thresholding scheme
results back in consistent estimators for all three methods. At the same time, Dai
et al. (2017) improves on a pre-averaging volatility matrix estimator by assuming an
underlying factor structure in the log-price processes, resulting in a low-rank plus
sparse estimator, and proves consistency with rates of convergence spelt out under
a number of scenarios. They perform well but the sparseness or factor structure is

indispensable, which limits their application in practice.

In Lam and Feng (2018), a nonparametric eigenvalue regularized method is proposed
to remove the severe bias in its extrem eigenvalues of the large sample covariance

matrix under the framework p/n — ¢ > 0. This method needs no matrix structure
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assumption and is built upon the two-scaled volatility matrix estimator whose rate
of convergence is only at n~'/6 shown in Zhang et al. (2005) for univariate case and

in Lam and Feng (2018) for high dimensional scenario.

In this chapter, we propose the same nonparametric eigenvalue regularized MSRV M,
KRVM and PRVM, abbreviated as NER-MSRVM, NER-KRVM and NER-PRVM re-
spectively, as all of MSRVM, KRVM and PRVM can all obtain the best achieved rate

—1/4 and same as that in parametric estimator for volatil-

on elementwise, which is n
ity, when the true process is Marcov. The multi-scaled estimator NER-MSRVM in
particular is a generalization of the two-scaled estimator proposed in Lam and Feng
(2018). Our contributions are three-fold. First of all, our estimators are more flexi-
ble to use since they do not need any structural assumptions on the true integrated
volatility matrix or the log-price processes as opposed to those in Kim et al. (2016)
and Dai et al. (2017). See Section 3.6 also where we have demonstrated empirically

that our estimators outperform other state-of-the-art competitors in many scenarios.

Secondly, although without any structural assumptions we are not able to prove
consistency, we can prove that all regularized estimators are positive definite in
probability with the Corollary 4 in Lam (2016), and provide rate of convergence in
spectral norm of each estimator to a rotation-equivariant “ideal” estimator, to be
defined in Section 3.3.4, all under the framework p/n — ¢ > 0. For NER-MSRVM,
it turns out that without sparsity assumption, the spectral norm rate of convergence
is independent of p and is at n~/% only when we modify the largest scales of the
estimator from n'/2 used in Kim et al. (2016), to n?3. With NER-KRVM and NER-
PRVM, when using the positive definite versions as in Barndorff-Nielsen et al. (2011)
and Christensen et al. (2010) respectively, their rates of convergence to the ideal

~1/5 while it is n~"/* when using their bias-corrected versions.

estimator are both n
These rates of convergence are the same as in the respective papers, but we are
working in the framework p/n — ¢ > 0. More importantly, while the bias-corrected
versions of KRVM and PRVM which converge at a rate of n=/* are not guaranteed
to be positive semi-definite, we prove in Theorem 2 and 3 that their corresponding
regularized versions, NER-KRVM and NER-PRVM, are both positive definite in

probability. See Section 3.4 for more details.

Finally, we show that with wavelet jumps-removal proposed in Fan and Wang (2007),
all rates of convergence remain the same. We also prove that all estimators remain
the convergence if the log-price processes are from a factor model with random or
non-random drift. These results support that pre-averaging and kernel methods are
better method among the three, since the rate of convergence is the fastest and is
adaptive to our regularization method with jumps removal, without any extra mod-

ifications. It is also found that the pre-averaging estimator’s practical performance
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is the best (the regularized bias-corrected version) as seen in the empirical results

in Section 3.6.

The rest of the chapter is organized as follows. Section 3.2 presents all necessary
notations and the model used for a log-price process. Challenges for analyzing high
frequency data are also explained. Section 3.3 introduces MSRVM, KRVM and
PRVM. How nonlinear shrinkage works on these three estimators are detailed in
Section 3.3.4. Asymptotic theories and detailed assumptions, including those with
jumps-removal in the case of jump-diffusion log-price processes, can be found in
Section 3.4. Practical concerns and implementation can be found in Section 3.5,
while all simulations and a thorough empirical study are presented in Section 3.6.

All proofs of theorems in the paper are presented in Section 3.7.

3.2 Model and Notations

3.2.1 Price model

We use X; = (Xt(l), Xt(2), . ,Xt(p))T to denote a vector of log prices of p assets at

time ¢. It follows a continuous-time diffusion model as
dXt = [J,tdt + Uttha t e [O, 1}, (31)

with {W,} being a p-dimensional standard Brownian motion and p, a cadlag (ele-
mentwise) process, which can be random and correlated with {W,} in general. The

volatility o; € RP*P is also cadlag.

The goal of this chapter is to propose the nonparametric efficient estimator for the

integrated volatility matrix defined as

b
E(a,b):/ 0.0 du

for a period [a, b] where 0 < a < b < 1,. As known, the covariance structure of assets
plays a key role to the solution of fundamental economic problems, such as optimal
asset allocation and risk management. For instance, if we have a portfolio w which
stays constant over the period [a, b], then the accumulated risk of the portfolio over

the period is

b 1/2
RY2(w) = (W' (a, b)w)'/? = </ WTo'ta'tTWdt> :
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where the term w'o,o/w can be considered an instantaneous square-risk at time
t. We take the large integrated volatility matrix as the target, allowing the presence

of microstructure noise and asynchronicity under the framework of p/n — ¢ > 0.

3.2.2 Data Splitting

On the top, for the flow of this chapter and the notation consistency, we introduce
the data splitting first, which is used in the proposed nonparametric eigenvalue
regularization. Similar to Lam and Feng (2018), our regularized estimators are
defined over a partition of the normalized time period [0,1]. Let L be the total

number of partitions, and
O:T0<7'1<"'<TL:1,

where (7,_1, 7] denotes the fth partition. In brief, we estimate integrated volatility
matrix for each partition with the help from the outside of this partition, then sum
these L partition estimators together as the final estimator. More details are shown

in Section 3.3.

3.2.3 Asynchronicity and microstructure noise

As shown in the Section 3.1, the first two challenges in our problem are asynchroncity
and microstructure noise in multivariate high frequency data. To construct the
integrated volatility matrix based on the non-synchronized high frequency data, we
should apply a specific time scheme to synchronize the observation time points.
There are mainly three synchronization schemes in the current literature including
previous stick, all-refresh time and generalized sampling time. We use the all-refresh

time scheme, which is also applied in Zhang (2011) and Lam and Feng (2018).

An all-refresh time is the time until all assets are traded at least once from the
past all-refresh time point. Let n(¢) be the number of all-refresh time points in the
partition (7,_1, 7], £ = 1,..., L, so that the total number of all-refresh time points
is nL, where n = L™! Zle n(¢) is the average number of all-refresh time points in
each partition. In this paper, we assume n is the same order as n(¢) for all ¢, and is

also the same order as nL since L is assumed finite throughout the chapter.

Let {vs}{s=1,..nr) be the set of all-refresh times in [0, 1] for X;. Then all estimators

in this paper are calculated based on the previous-tick times ¢/ € (v,_1,v,], s =
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1,....,nL, 7 =1,...,p, which is the last trading time for the jth asset before time
vs. Note that 7t # 72 for j; # j» in general.

In light of the contamination of microstructure noise, using the above notations, we

assume the observed high frequency data Y (s) obeys the model as

Y(s) =X(s)+€(s), s=1,...,nL, (3.2)
where {€;} is the process of microstructure noise, with X(s) = (Xt(ll), . ,Xf,f))T and
€(s) = ((—:S), . ,eg))T. Note that €(-) can be dependent on X(-) in general.

3.3 Integrated Volatility Matrix Estimators

We known that the realized volatility matrix, which simply sums up all squared
returns, performs poorly even only microstructure noise is considered. In practice,
a popular method in Finance is to sparsely selected sample to ease the negative
impact from microstructure noise. However, it is still inconsistent and too arbitrary.
Zhang et al. (2005) first proposes two-scaled estimator whose multivariate extension
is used in Lam and Feng (2018). This two-scaled estimator has three advantages:
asymptotic unbiasedness, consistency and asymptotic normality. But its rate is not

satisfactory.

Therefore, more efficient integrated volatility matrix estimators are proposed in
recent studies. We first introduce three existing integrated volatility matrix es-
timators before presenting their regularized versions. They are the multi-scale
realized volatility matrix estimator (MSRVM) (extended from the univariate ver-
sion of Zhang (2006)), the kernel realized volatility matrix estimator (KRVM) by
Barndorff-Nielsen et al. (2011) and the pre-averaging realized volatility matrix esti-
mator (PRVM) by Christensen et al. (2010). They all have an elementwise rate of
convergence of n~'/4 which is faster then the rate n='/% for the two-scale realized
volatility matrix estimator (TSRVM) analyzed in Zhang (2011). Kim et al. (2016)
shows that the positive-definite versions of KRVM and PRVM can still achieve an

elementwise rate n~/®, which is still faster than n~/6.

Lam and Feng (2018) introduces the nonparametric eigenvalue regularized inte-
grated volatility matrix estimator (NERIVE) which is based on a modification of
the TSRVM. As their spectral norm rate of convergence to an “ideal” estimator (see
Section 3.3.4 for more details) is only n~"/%, the same as the elementwise rate for

TSRVM, we analyze in Section 3.4 if our eigenvalue regularization can be applied on
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MSRVM, KRVM and PRVM to achieve better rates of convergence and improved
in practical performance. Before that, let us review MSRVM, KRVM and PRVM
first.

3.3.1 Multi-scale realized volatility matrix

It is observed that combining the square returns from two time scales is better
than the realized volatility estimator, which is the one-scale estimator. A natural
question arises as to combine more than two time scales for a further improvement
in estimator’s efficiency. Zhang (2006) proposes a multi-scale approach in stochastic
volatility estimation to eliminate the bias from microstructure noise. Our method
bases on the multi-scale realized volatility matrix (MSRVM) analyzed in Tao et al.
(2013). For £ =1,..., L, define the MSRVM on each partition (7,_1, 7] to be

_ |8 (m)| - K 41
- - ,

K. =Ntm, a,= 20t N)m=M2-1/2) (M + N)(N +1)

Stm) = {s:ti,t._, € (rp_1, 7] for all i}, [S(m)|m

M(M? —1) Y (n+ (M -1) 7
(3.3)

with N =< n?3 and M = n'/?, where a =< b means that a = O(b) and b = O(a). For
the ease of presentation of our regularized estimators in Section 3.3.4, we also use
the notation

E(Tg_l,Tg)M = MS(Y)g (34)

The above estimator is different from the one considered in Tao et al. (2013) in that
we have set N < n?? rather than n'/2 which is used in Tao et al. (2013) and Kim
et al. (2016). The parameter N controls the magnitude of the scales used in the esti-
mator. The reason that we use a different magnitude of scale is that unlike Tao et al.
(2013) and Kim et al. (2016), we do not assume sparsity of the underlying integrated
volatility matrix. Without this assumption, a diverging p can significantly increase
the bias contributed from microstructure noise and asynchronous transactions. In
the end, our proofs reveal that only a scale of magnitude N =< n?*? can remove the

bias effects from a diverging p of the same order as n, even with our eigenvalue
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regularization to be presented in Section 3.3.4. The final rate of convergence then

1/6 " See Theorem 1 in Section 3.4

goes from n~'%, the best univariate rate, to n~
for more details. Incidentally, this scale magnitude is what is used in Lam and
Feng (2018), leading to the same rate of convergence n~'/% for the nonparametric
eigenvalue regularized two-scale realized volatility matrix estimator.

In Section 3.6, the performance of the corresponding regularized estimator using

1/2

N = n?3 is also compared to that using N =< n'/?, and it is clear that the one using

N = n?/3 has a better practical performance.

Remark 6. Two important conditions to be satisfied for the MSRVM are that
Z%zl(am/Km) = 0 and Zn]\le am = 1 (Tao et al., 2013, Zhang, 2006). These
conditions ensure the estimator has bias contributed from the microstructure noise
removed, and is unbiased, respectively, resulting at an elementwise rate of conver-
gence n~Y*. Zhang (2006) also shows that efficiency can be improved by combining
more than two time scales. This is also the reason why our reqularized estimator
based on MSRVM should perform better than the corresponding two-scale version,
which is supported by our simulations in Section 3.6. However, there is no choice of
Q. such that a positive semi-definite estimator is guaranteed. With our nonparamet-
ric eigenvalue reqularization though, we can prove positive definiteness in probability

for our reqularized estimator under p/n — ¢ > 0. See Theorem 1 in Section 3.4 for

more details.

3.3.2 Kernel realized volatility matrix

Barndorff-Nielsen et al. (2011) proposes a multivariate realized kernel estimator that
dose not smooth the covariance but the autocovariance operators. The estimator
is robust to microstructure noise and can handle asynchronous trading. It also
has a positive semi-definite version with a slightly different definition but a slower

convergence rate.

Barndorff-Nielsen et al. (2011) indicates that averaging J prices at the very beginning
and end of the period for a consistent estimator when kernel is applied. They name
it as jittering, and with J going to infinity at an appropriate rate, the error at the
beginning and the end of the day is averaged away. We adopt this scheme and denote
the jittered log-price vector as Yéj)(s), s=0,1,....,.n() —2J+1, £ =1,..., L.
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n(€)—2J
h—1 _
K(Y) =Y + k(—ﬁ—)[ykafb—rvgm(thL where
h=1
n(0)—2J+1

T

v = Y (Y)Y (s 0) (Y (s —h) - Y (s —h—1))
s=h+1

(3.5)

with h > 0, k(-) a kernel function and H a bandwidth parameter. We also define
'yéh) (Yé‘])) = 'y§_h) (Yé‘])) for h < 0, and assume that (i) £(0) = 1 and £'(0) = 0; (ii)
k(-) is twice differentiable with continuous derivatives; (iii) [;° k(z)*dz, [° K (z)*dx

and [;° k" (x)dx are finite. We also use the notation

S(r1, 70)* = K(Y),. (3.6)

For the positive semi-definite version, assume further (iv) [~ k(z)exp(iz))dz > 0
for all A € R. Then the positive semi-definite KRVM for the partition (7y_1, 7] is
defined as

n(f)—2J

h _
S(re1, )5 = 40 (YY) + k (E) )+ )] (3)
h=1

3.3.3 Pre-avaraging realized volatility matrix

The idea of pre-averaging is to smooth the high frequency data first. The KRVM in
(3.6) is also a kind of smoothing mechanism, but it only smooths the autocovariance
operators instead of the data. It is intuitive that the form of smoothing of the
observed log price should tend to diminish the impact of noise. The data smoothing
idea is first presented in Hayashi et al. (2005), and Christensen et al. (2010) extends
it to the case with microstructure noise by using pre-averaging and shows that the
resulting estimator is consistent. This estimator has the property that it can be
implemented directly on irregular, asynchronous and noisy observations without
any form of imputation. Christensen et al. (2010) also discusses that apart from
border terms, the pre-averaging estimator coincides with kernel-based estimator
using the flat-top kernel function. However, kernel needs to apply some averaging
to edge terms, while the pre-averaging estimator is asymptotically mixed normal by

construction.
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We adopt a different bias-correction term than Christensen et al. (2010) used, which
is needed for our regularization to be introduced in Section 3.3.4 to work. Let Y,(j)
be the jth all-refresh log-price vector within the ¢th partition, j = 1,...,n(¢). Then
define

n(f)—
P(Y LQ ; Y(K Y n(e)}, where
1 n(f)
7 = (Ye(s) = Ye(s = 1)) (Yo(s) = Ye(s — 1)),
2n(¢) = (3.8)
Q-1 '
¥ = Yo ) I¥eti+ - Yidi +1 - )

Q_l l

¢ = [9<§>—9(H—1 , Y= / (t)*dt,

with @ a bandwidth parameter of order n'/2. The function g(-) is continuous and
piecewise continuously differentiable with a piecewise Lipschitz derivative ¢’, satis-
fying g(0) = g(1) = 0 and fo t)2dt > 0. We also use the notation

E(Tg_l,Tg)P = P(Y)g (39)

The diagonal elements in ﬁ(e) can certainly be replaced by those defined in Chris-
tensen et al. (2010) which will then be more accurate since it used up all available
tick-by-tick data, but we do need off-diagonal elements to be non-zero as well, and

ﬁ(e) defined above is sufficient to give us the best rate for our regularized estimator.

For the positive semi-definite version, with @ of order n*/®, define

_ 1 n(f)—Q+1
B )= 05 > oyPyiorn (3.10)
j=1

3.3.4 Nonparametric eigenvalue regularization

Multi-scale, kernel and pre-averaging realized volatility matrix estimators perform
well in terms of removing the bias contributed from microstructure noise. Yet under
the setting p/n — ¢ > 0, a typical realized volatility matrix suffers from bias in
its extreme eigenvalues. Also, the spread of the eigenvalues of the estimator is
typically much larger than its population counterpart. This creates instability in

applications. Since we do not have any structural assumptions like sparsity of the
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underlying matrix, regularization with sparsity such as those introduced in Kim
et al. (2016) cannot be used.

The above methods all assume some form of independence for the data in proving
asymptotic results. For high frequency data with contamination from microstruc-
ture noise, we cannot assume independence of the log-returns. A breakthrough
comes from Lam and Feng (2018) which utilizes a data splitting scheme the same
as in Section 3.2.2 to perform eigenvalue regularization for the TSRVM. They do
not assume serial independence of microstructure noise, which can also be cross-
sectionally correlated in general. All log-prices can also be correlated with the
microstructure noise too. Their estimator is positive definite in probability under
the setting p/n — ¢ > 0, and the spread of eigenvalues is shrunk within the spread
of the population integrated volatility matrix. With these advantages, below we
introduce a similar regularization scheme for the MSRVM, KRVM and PRVM. As
discussed in the Introduction, we hope to achieve a rate of convergence faster than
n~1/6 the rate proved in Lam and Feng (2018).

First, using the data splitting scheme in Section 3.2.2, we introduce a rotation-
equivariant estimator (D) = P_;DP™,, where D is a diagonal matrix, and P_; is

orthogonal such that

X, =P D_PT, j=1..L with3 ;=Y S(r_m) (3.11)
(#j

Here, fJ(Tg_l,Tg) can be f](Tg_l,Tg)M, f](Tg_l,Tg)K or fJ(Tg_l,Tg)P in (3.4), (3.6) and
(3.9) respectively, or 2(_y, )5, S(re_1, )PP in (3.7) and (3.10) for the positive
semi-definite versions of KRVM and PRVM respectively. This class of estimators is
used in Ledoit and Wolf (2012), Lam (2016) and Lam and Feng (2018) as a starting
point for the construction of their regularized estimators. First introduced in James
and Stein (1961) for estimating a covariance matrix under the Stein’s loss function,
this class is invariant under rotation, and serves as a good starting point with no a

priori information of the eigenvectors of the population covariance matrix.

Next, we want to bring fl,j to be as close to X(7;_1,7;) as possible by fixing its
eigenvectors but varying its eigenvalues. This essentially makes it a p-dimensional

problem. To do this, we consider the following optimization problem:

min HP—JDPTJ - E(Tj_l,Tj)”F, (312)

D diagonal

where H . denotes the Frobenius norm. The same problem is also considered in

I
Lam and Feng (2018). The reason to use P_; for the rotation-equivariant class is
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that we can condition all information outside partition j (P_; is then fixed), so that
then the correlation between {X;} and {€;}, and the serial correlation in {€;} within
partition j can be weakened. See Assumption (E3) in Section 3.4. If each partition
is “small”, then each P_; is “close” to each other intuitively since each P_; uses up

all information except those within the partition.

The solution for (3.12) is D = diag(P™,;X(7;_1, 7;)P_;), where diag(A) is a diagonal
matrix with the diagonal elements of A. See Proposition 1 in Lam and Feng (2018)
and the proof therein. It is not difficult to see that the spread of eigenvalues of such D
is constrained within that of ¥(7;_, 7;). In Section 3.4, we present in Theorem 1, 2
and 3 that in spectral norm, diag(Pijl(Tj,l, )MP_;), diag(Pijl(Tj,l, )5P_;),
diag(PT ;X (7j_1,7;)"P_;), diag(PT;3(7;_1, ;) *"P_;) and diag(P* ;3(7;_1, 7;) P FP_;)
are converging to D = diag(PT ;2(7j-1,7;)P_;) in probability. Therefore, our regu-
larized volatility matrix estimators of MSRVM, KRVM and PRVM for the partition

(7j-1, 7] are respectively

g(Tj_h Tj)M = P_jdiag(PTji(Tj_l, Tj)MP_j)PTj, (313)
i(Tj_l, Tj)K = P_jdiag(Pijl(Tj_l, Tj)KP_j)PTj, (314)
S(7j1,m)" = P_jdiag(PT,3(r,_1, ;) P_,)PT .. (3.15)

We also denote f](Tj,l,Tj)KP and E(Tj,l,rj)P P the corresponding estimators us-
ing f](Tj_l, ;)5 and f](Tj_l, ;)P respectively. The corresponding nonparametric
eigenvalue regularized integrated volatility matrix estimators for the period [0, 1] are
then defined to be

L L
S0,0)M =3 S0, )M =Y P_diag(PT S (7,0, 7,)MP_)PT,,  (3.16)

j=1 j=1

L L
(0,05 =) S(r_, )" =) P_diag(PT;S(r1, ) “P_)PT,,  (3.17)

j=1 j=1
L L
2(0,1)" =Y B(ro )" =D Pdiag(PT X (r_, )PP, (3.18)
j=1 j=1

We also denote (0, 1)5F and (0, 1)PF the corresponding estimators using 3 (7;_y, 7;) K
and i(Tj,l, 7;)F¥ respectively. An ideal estimator relative to 2(0, 1) is an estimator

with f](Tj_l, Tj)M, f](Tj_l, Tj)K (or f](Tj_l, Tj)KP) and f]('rj_l, Tj)P (or f](Tj_l, Tj)PP)
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replaced by the population counterpart 3 (7;_y, 75),

L
Ygear(0,1) = Z P—jdiag(PTjE(Tj—h TJ)P—j)PTj' (3.19)

J=1

As discussed in the paragraph after (3.12), if each partition is small, then say each
P_; is close to P which is the orthogonal matrix from the eigen-decomposition of
D f](n_l, T¢), then the above becomes

EIdeal(Oa 1) ~ Pdlag<PTE(07 1)P)PT7

which resembles an ideal estimator for 3(0, 1) that utilizes all data information for
constructing the eigenmatrix P. Indeed such an ideal estimator is defined in Ledoit
and Wolf (2012) and Lam (2016), and is treated as a benchmark for evaluating
performances of different estimators. Note that if P is close to the eigenmatrix of
3:(0,1) (say, when p/n — 0), then X14e1(0,1) = X(0,1). As p/n — ¢ >0 and P is
getting further away from the true eigenmatrix of 3(0, 1), Zjgea(0, 1) in (3.19) is still
close to Pdiag(PTX(0, 1)P)PT, the ideal rotation-equivariant estimator utilizing all

information for the construction of P.

In practice, this is the reason why we want each partition to be as small as possible,
but with enough data points (we suggest at least over a hundred) such that the
results in our theorems are reasonable. In all simulations and real data analysis in
Section 3.6, the period [0, 1] represents a 5-day interval, and we use 1 day as the
length of a partition (with typically hundreds of data points in each day), with very
good results. From our experience, reducing the length of each partition (provided
it still has enough data points, say over a hundred) usually improve the overall
performance of the estimator. See Section 3.5 for more details on how to choose
tuning parameters. In the following section, important assumptions in our paper

are discussed before we present and explain the main theoretical results.

3.4 Asymptotic Theory

We introduce some notations first. Let the log-price series {X;} be adapted to the
filtered probability space (Q, F, {.7-}}0<t<1, ]P’). We use Apin(+) and Apax(+) to denote
the minimum and maximum eigenvalue of a square matrix respectively. Also, if no

ambiguity arise, for j = 1,..., L we denote vy, = v/ which is the sth all-refresh time
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within partition j, and define
F_j=Fy, UF|F, Fl = Foo Fri_is

with F7 = ¢ for s < 0. They represent the o-algebra outside of partition j, and
that up to time v, within partition j, respectively. We also define, for j =1,..., L,

EIdeal(ijla Tj) = P,jdiag(PTjE(Tj,l, Tj)P,j)PTj, (31)

so that Xjgear(0,1) = > i Yideal (Tj—1, 7). We first introduce the assumptions for our
theorems to hold, followed by some explanations. They are essentially the same
as the main assumptions in Lam and Feng (2018). We present here for the sake
of completeness and ease of reading for those readers who are interested in these

assumptions.

In all assumptions below, we have

K,=N+m, m=1,..., M, for the multi-scale method;
K=4q 1, for the kernel method;

, for the pre-averaging method.

Assumptions on the drift p,:

(D1) The drift p, has cadlag components , such that for s = K, K + 1,...,n(j),

/ I‘l’tdt = A(US*K7 vs>Zé,s’

s—K

where A(vs_g,vs) # 0 is a non-random p X p matrix, has HA(US,K,US)H =
O(p}/QKl/z\vs — vs_1]) and can be asymmetric and singular, where p; = 1
if there are no pervasive factors, and ps = p if there are pervasive factors.
Also, E(Z£7S|]:_j) = 0 and var(Zg,S|]:_j) = I, almost surely. The random
vector ZfLS € F7 has components conditionally independent of each other
given F_;, with eighth moments exist. The drift pu, can also be non-random
when ZJ, = (1,0,...,0)7 for all s.

(D2) Write P_; = (p1j,...,Pp;). We assume for each i =1,...,p, and s =rK +¢
forr=1,...,|5(K)|x and ¢ =0,1,..., K — 1, there exists pg’K,q € F_j such

120



that 0 < péyK,q < ¢ < 1 with € aconstant, and for ¢ = K+q,2K+q,...,rK+q,

E((P5A (vsic,0:) 2} )*| F-; U F]_)
= le,K,q (p;rjA(US—K7 US)Zi‘l,KfK)Q

+ (1 - PZLK,Q)I);‘EA(%—K? vs)A(Usta Us)Tpij + eil];g_]o
where we define wazzﬁ =1, and eif;@ = 0 for £ < 0. The process {ege} with

eiig € FJ has E(egd}"_j U FJ)_,) = 0 almost surely, and eff;AF_j UF =
OP(HA(’US,K,US)” )

(D3) Let ¢(x) = e” — 1. We assume that for £ =0,1,...,s,

E{(p < | (pgA(Us—Ka US)ZZl,E>2 - p;I]“A(Us—Ka US>A(U$—K7 Us)Tpij|
(P A (5K, vs) Ziy i)

e, ) } }
E S ‘]—"_- UF o\ <
{¢<<p5A<vs_K, v)Zh, )2 ) TR

Assumptions on the volatility o; and Brownian motion W:

(V1) The volatility o has cadlag components, and the Brownian motion {W;} can

be correlated with {p,} in general. Write

/ o dW, = X (v,_g, v,)/* 27
Vs— K

v,89

where ¥(v,_g, vs) is a symmetric positive definite p X p matrix which can be

random, with

Amin(B(75-1, 7)) = C(15-1 — 75) 7,

A (B (051, 05)) = || A Vg1, 03) ||/ [0 — v k],

where C' > 0 is a constant. The process {o;} is independent of all other

processes.

Also, E(Z] |F_;) = 0 and var(Z],|F_;) = I, almost surely. The random
vector ZJ . € FJ has components conditionally independent of each other

Y

given F_;, with eighth moments exist. The Z{w s are independent of each

other for a fixed j.

121

>‘fj U fg_K} < o,



(V2) Parallel to (D2), but expectations are taken conditional on F_; U Fj , UF?,
where F7 is the o-algebra generated by the process {o;} up to time t.

Also, pé’K’q is replaced by 0, A(vs_g,vs) by B(ve_x,vs)'/?, and eiz];e by 0.

(V3) Parallel to (D3), replacements the same as in (V2).

Assumptions on the microstructure noise €;:

(E1) Within the jth partition, F(e(s)e(s)*|F_;) = ¥7,, which is random and

€87
independent of all other processes given F_;. Also, E(X!) = X!, and
||2gSH < A < oo uniformly as n,p — oo where A, is a constant. The se-
ries {Ei,s}s also satisfies a smoothness condition that ||§}Z78H -3 < /n
foreach j =1,..., L.

(E2) Within the jth partition, we can write e(s) = (3! ,)"/?Z{,, with ZI € F/

having conditionally independent components given F_;. Also E(Z] |F_;) =

0 almost surely and eighth order moments exist for the components of zg‘}s.

(E3) Let F/X be the o-algebra generated by the log-price process up to time t,
and F; the one by the microstructure noise process up to time ¢, so that
Fi = Nest FX @ F¢. Then for sy, sy time points within partition j, given F_;,

we assume the ¢-mixing coefficient between two o-algebras satisfies

P Fo, | F-j) = 0(n™") = o(Fs

S17 S 597

FolF-j)-

1

Also, for sy > s; time points within partition j, we assume

o(Fs

o T [ Fo 1 F=i) = 0(n™) = o(F, | Fe,, Fi | 7).

17

Other assumptions:

(A1) The observation times are independent of X(:) and €(-), and the partition
boundaries 7, ¢ = 0,1,...,L, satisfy 0 < C; < miny_y_  L(1y — 7—1) <
maxy—y,.1 L(7y — 1—1) < Cy < 00, where C4, Cy are generic constants. Also,
the all-refresh times vg, s = 1,...,nL satisfy max,_1__nnL(vs — vs—1) < Cj
for a generic constant C > 0. Moreover, max,— . 1 nL(7¢—vn)) = 0o(1). The

sample size in the jth partition has n(j)/n — 1.

(A2) The pervasive factors, if any, persist within an interval (vs_q,vs] for s =
1,...,nL.
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There are three more assumptions (A3), (A4) and (A5). They involve the drift
and volatility in between the all-refresh and previous-tick times, and are in many
ways parallel to assumptions (D1) to (D3) and (V1) to (V3). We present them in
Section 3.7 to aid the flow of the paper. Assumptions (D1) to (D3) and (V1) to (V3)
are mainly for the application of a version of Hoeffding’s inequality on the sums of
martingale differences in Theorem 2.2 of van de Geer (2002), and are also used in
Lam and Feng (2018).

The matrix A(vs_g,vs) in assumptions (D1) to (D3) can be treated as a factor
loading matrix in a factor model when g, is random. The loading matrix A (vs_ g, vs)
is diagonal when the contribution of drift among all assets over v, g to v, are
conditionally independent given F_;. If there exists a factor structure with r factors
where r < p, the loading matrix A (vs_g,vs) becomes a singular matrix whose rank
is 7. The first r singular values of A (v,_f,v,) are then of order p'/2K'/?|v, — v,_4],

with K'Y ?|vg — v4_1| accounting for the length of the time interval considered.

Also as introduced in Lam and Feng (2018), Assumption (D2) is about the serial drift
dependence quantified by ng Kq < lgiven F_;. Assumption (D3) says that quadratic
forms not too far in time apart can be very different but with sub-Gaussian-tailed
probability. When g, is non-random, the matrix A(vs_f,vs) can be set as zero
except for a non-zero known vector in its first column. For more details please see

the corresponding explanations in Lam and Feng (2018).

The assumptions for volatility from (V1) to (V3) have similar forms and meaning,
and are parallel to the drift assumptions. One major difference from Assumption
(V1) to (V3) in Lam and Feng (2018) is that we use the fact that the {Z] ,}’s are
conditionally independent given F_;, which is in fact a consequence of independent
increment in the Brownian motion {B;}. With this, Assumption (V2) certainly

becomes

E((p,};E(US_K, US)l/QZi,e)QLF—j U ‘Fng> = PEE(%—% US)pijv

meaning that pf“ﬂq is replaced by 0, eff;e by 0 and A(-,-) replaced by X(-,-)'/2.
Also, note that Assumption (V1) actually ties the rate of the maximum eigenvalue
of 3(vs_k,vs) to HA(US, K,vs)”, meaning that if there are pervasive factors such

1/2_then the same factors

that it spikes the singular value of A(-,-) by a factor of p
also spikes the maximum eigenvalues of 3(-, -). It makes sense since pervasive factors

should have effects on both the drift and the volatility.

Assumption (E1) allows for time-varying covariance matrix for the microstructure

noise. A smoothness condition for the time-varying covariance matrix is needed for
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the bias-corrected pre-averaging method to successfully remove the residual covari-
ance effects from the microstructure noise. Assumption (E3) particularly assumes a
weak dependence between the log-price process and the microstructure noise process
within partition j, as well as a weak serial dependence among the microstructure
noise vectors, when F_; is given. This assumption is inspired by Chen and Mykland
(2017), where they assumed that given the entire information of the log-price pro-
cess, the microstructure noise at different time points are independent. In our case,
we are not given the entire picture of the log-price process, but not far from that
either since with F_; we are given nL —n(j) data points from the total of nL. Then
instead of assuming the microstructure noise vectors are independent, we assume
that they are weakly dependent, and with n larger (i.e., more information at more

time points is available outside partition j), the dependence is weaker.

The first part of Assumption (Al) is automatically satisfied if the boundary set
{me}o<i<r is pre-set, for instance, to be the daily opening or closing time of the L
days of data, or a quarter of it. See also Section 2.7 on a criterion in choosing these
tuning parameters. Assumption (A2) means that the pervasive factors are either

present between two all-refresh times, or they are absent.

Theorem 1. Let Assumptions (D1) to (D3), (V1) to (V3), (E1) to (E3) and (A1)
to (A5) hold. Then as n,p — oo such that p/n — ¢ > 0,

.maXL ||§(Tj—17 TJ)MEIdeal(Tj—b Tj>_1 - Ip” = ||§(0> 1)M21dea1(0v 1)_1 — L]

7=1,..

= 00l 4 ),

where || . H denotes the spectral norm of a matriz, and py = 1 if there are no factors,

while py = p if there are pervasive factors in the log-price processes.

The proof of the theorem is in Section 3.7. It is known that the rate of convergence
for univariate realized volatility estimator in Zhang (2006) or the rate for multi-scale
volatility matrix estimator under sparse assumption in Kim et al. (2016) is n~/4,
the best achievable one. For our NER-MSRVM estimator, we have the slower rate
n~Y/% when there are no pervasive factors because we are not assuming sparsity
of 3(7j_1,7;), although we still have the same rate as NERIVE in Lam and Feng
(2018). In (3.4), the scales we use are K,,, = m+ N, m = 1,..., M. While Zhang
(2006) and Kim et al. (2016) use N =< n'/? with M < n'/?, we use N =< n?? and
M = n'/2 so that K,, < n*?, the same magnitude as the scale used in Zhang (2011)
and Lam and Feng (2018) in their two-scale estimator. We find that this larger scale
is needed to remove the adverse effects of large p without sparsity while removing

the bias from microstructure noise.
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When there are pervasive factors, py = p, and the rate tell us that we need p =
o(n) in order to still have guaranteed convergence as n,p — oco. What happens is
that some drift terms can somehow dominates the volatility terms when there are
pervasive factors which spike up the maximum singular value of A(-,-) and 3(, -)!/2
simultaneously by an order of p'/2. Ultimately, when ps = p which has the same

2/3 then we still have n—1/6

order as n
the results for NERIVE in Lam and Feng (2018). If the factors are not pervasive,

then p; = p'= for some 0 < § < 1 which represents the strength of the factors (Lam

as the rate of convergence, which coincides with

and Yao, 2012, Lam et al., 2011). Clearly we can still have p/n — ¢ > 0 in such a

case, and can retain the rate n=/% if § > 1/3.

In practice, a larger M means we are using more scales, which can improve the
estimation in general. This aligns with our simulation results which show that
NER-MSRVM performs better than NERIVE in Lam and Feng (2018) which uses

only two scales.

Theorem 2. With the same conditions as in Theorem 1, as n,p — oo such that

p/n — ¢ >0, we have

max [|2(r-1,7)" Bigea (15-1,75) " = L[| = [B(0, 1) Siaea(0, 1) ~ L, |

J=1,...,

= Op(p/*n™"),

with H < n'/? and J < p;1/2n1/4, where pr = 1 if there are no factors, and py = p

if there are pervasive factors. For the positive semi-definite version, we have

jfnax, 15751, ) Btdear(7-1, 7)™ = L|| = 12(0, 1) Srgear (0, 1) ™ — L

— 0

with H =< p;1/5n3/5 and J = p;2/5n1/5 respectively.

The proof of this theorem is in Section 3.7. Kim et al. (2016) introduces KRVM
which has a faster rate of convergence at n~'/4, and KRPVM, which has rate only at
n~ /% but is guaranteed to be positive semi-definite. The above theorem shows that
NER-KRVM is approaching Zigea(0, 1) in spectral norm at a rate of n~/* when
there are no factors, and hence it is positive definite in probability. The same goes
for NER-KRPVM, but the rate is slower at n~/°>. When there are pervasive factors
in the log-price processes, all rates of convergence to the ideal estimator are slower.

As explained after Theorem 1, this happens since some terms related to the drift can
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dominate when there are pervasive factors. This theorem suggests that for our reg-
ularized estimator for the kernel method, the bias-corrected version NER-KRVM is
always better than NER-KRPVM since they are both positive definite in probability
anyway, while the former converges faster to the ideal estimator Xjgea (0, 1). This is

true as long as p = o(n'/?), when p*°n=/® is going to 0 slower than p'/?n~=1/4,

Theorem 3. With the same conditions as in Theorem 1, and n,p — oo such that
p/n—c>0,

max 12(751,7) Zraea (751, 7) 7 = L] = 13(0, 1) Braear(0, 1) = T, |

]:17""

= Op(}/*n ™11,

with @ < p;1/4n1/2, where py = 1 if there are no factors, and py = p if there are

pervasive factors. We also have

max |87, 75) " Sraea (751, 75) 7 = L = 120,17 Sraea (0, 1) = L |

= Op(p}"n'"%),

with ) < p;1/5n3/5.

The proof of this theorem can be found in Section 3.7. Same as kernel estimators,
Kim et al. (2016) also gives two versions of pre-averaging estimators: the bias-
corrected version PRVM, which is not guaranteed to be positive semi-definite but is
converging at a rate of n=/%, and the positive semi-definite version PRPVM, which
has a slower rate of convergence at n~/°. Our results show that the regularized
estimators are all positive definite in probability, and when there are no factors, the
rate of convergence to the ideal estimator Xigea (0, 1) for NER-PRVM is n~'/4. For
NER-PRPVM, it is n~*/° under p/n — ¢ > 0. These rates are the same as those
for the non-regularized estimators with finite p. Same as Theorem 1 and 2, some
terms related to the drift can dominate as p — 0o, and hence ultimately all rates of
convergence are slower. However, NER-PRVM still has a faster rate of convergence
to the ideal estimator at p*/®n~'/* when compared to that for NER-PRPVM at
p*°n~1/5. Note also that p = o(n??) is needed for NER-PPVM while p = o(n'/?)
is needed for NER-PRPVM for guaranteed convergence when there are pervasive

factors.

Comparing the rate p:;’/8n_1/4 for NER-PRVM to p}/Qn_l/4 for NER-KRVM, it is

clear that when there are pervasive factors, the pre-averaging estimator can converge
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a bit faster to the ideal estimator. It also allows p = o(n*3) compared to only
p = o(n'/?) allowed for NER-KRVM. The practical performance for NER-PRVM is
also better than NER-KRVM in many scenarios as demonstrated in Section 3.6.1.
The simulation results also highlight that NER-PRVM is better than NER-PRPVM
in general. All our regularized estimators constructed during simulations and real
data analysis are also positive definite, showing that the convergence is in fact
pretty quick. In the following section, we also show that our regularized estimators

are adaptive to jumps removal.

3.4.1 Jumps Remove

In Section 3.2.1, a continuous-diffusion price model 3.1 is used as our framework.
Although microstructure noise has been included in our method, jump should also
be considered. Compared with most of existing methods developed for either noisy
data from a continuous-diffusion price model or data from a jump diffusion price
model without noise, Fan and Wang (2007) proposed methods to cope with both
jumps in the price and market microstructure noise in the observed data. The idea
is to remove jumps from the data first and apply noise-resistant methods to do

estimation. We use a same idea but under a high dimensional scenario.

Considering jumps, we suppose a the underlying log-price process as follow
dXt = [,l,tdt + O'tth + th, t e [0, 1], (32)

where p, and o are same as the pure diffusion model (3.1), and J; = (Jt(l), cee Jt(p))T

is a p-dimensional right-continuous pure jump process. For jth asset,

where each count process Nt(j ) can be correlated with each other. The same holds
true for each jump size Béj).
We assume that the number of jumps in each Xt(j ) over the time period we consider

is finite. Then the quadratic covariation over [0, 1] for log process is denoted as

1
QV = / owldi+ > AJAT] (3.3)
0

0<t<1
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where AJ; = J; — J;_. When two log price processes have at least one cojumps
simutaneously, the corresponding element in AJ;AJT will be non-zero. This can

happen when a shock news affects some stocks at same time.

Same as Lam and Feng (2018), we use the wavelet method introduced in Fan and
Wang (2007) to remove the jumps in the log price process and then build the volatil-
ity matrix estimator as 3.16, 3.17 and 3.18 by jump-removed data. To apply this

wavelet method successfully, more assumptions are need:

(W1) The wavelets used in jump estimation are differentiable.

(W2) For the jump part of Xt(j) in [0,1] for j =1,...,p, its jump locations néj) and

jump sizes Béj ) satisfy

Nl(j) < 00, nﬁj) <. < néj) <...,0< |B§j)| < 0o almost surely.

(W3) The number of stocks involved in a cojump is finite.

Assumptions (W1) and (W2) are technical assumptions adapted from Fan and Wang
(2007). Assumption (W2) means that we are dealing with finite number of jumps for
each log-price process, and the sizes of the jumps are bounded from 0 almost surely.
If Assumption (W3) is not satisfied, then the rate of convergence of f](Tj_l, 7;) in
Theorem 1 and 3 using the jumps-removed data will be dependent on how many
stocks is involved in a cojump in general. Our assumptions allow the jump process to

be dependent on the drift, volatility and the microstructure noise process in general.

Theorem 4. Let all the assumptions in Theorem 1 hold, as well as (W1) to (W3)
for the jump-diffusion model (3.2). Using the jumps-removed all-refresh log-price
data Y*(s) = Y(s) = J,., s = 1,...,nL in constructing the integrated covariance
matriz estimator in (3.13), (3.14) or (3.15), the same conclusions in Theorem 1,

Theorem 3 and their semi-positive definiteness hold. Moreover, we have

IS (A3,ATT - AT,ATD)| = Op(n™).

0<t<1

3.5 Practical Implementation

There are two parameters that can be tuned for potentially better performance,
namely the partition (7;_1,7;] of the period [0,1] (thus also determining L itself

which represents the number of partitions), the scale parameter M and N used in
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the MSCV in (3.4), the window length H and jittering length J in the KRCV in
(3.6) and the averaging range K in the PRCV in (3.9).

As for the number of partitions, different number of partitions corresponds to dif-
ferent length of each individual partition. Therefore, same as Lam and Feng (2018),

we propose a criterion as follow:

2

: (3.1)

L
Z (E Tj-1,7T5) E(%‘—l»%’))

where 3 (7,1, 7)™, 2(r;_1,7,)K and 2(r,_1,7,)" defined in (3.4), (3.6) and (3.9).
Similarly, i(Tj,l,Tj)M, i(Tj,l,Tj)K and ZAI(Tj,l,Tj)P are shown in (3.13), (3.14)
and (3.15) respectively. Bickel and Levina (2008) proposed this function firstly
to choose the banding number in large covariance matrix estimator with banding
structure assumption. Lam and Feng (2018) suggested to divide the time interval
into equal length partitions, checking that each one has enough data points and then

choose L by minimizing the criterion (3.1) above.

With respect to other tuning parameters, the scale parameter M and N, the win-
dow length H, jittering length J and the averaging range K, we already find the
theoretical magnitude of all of them related to sample size n showing in 3.4, 3.6 and
3.9. To final decide the value of these tuning parameters, constant part for all of
them are set as 1, as in our simulation and real data analysis show that the results

are not very sensitive to the choice of the constant.

3.6 Empirical Results

3.6.1 Simulations

To generate simulated data for high frequency problem, the prices and the asyn-
chronous transaction times should be generated separately. We apply Heston-like
multivariate factor model with stochastic volatilities used in Lam and Feng (2018)

as follow:

dX = pDdt4++/1 = (0026 dBY +p Do aw,+CvVdz,, i=1,...,100, (3.2)

where {W,}, {Z,} and the {B{”}’s are independent standard Brownian motions. The
processes {W;} and {Z;} imitate factors in the market. The constant C' = 1{model 2}
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is 0 for the first model we consider. We set p(¥ = —0.7C, so that it is 0 in the first
model, and hence there are no factors. For the second model, C' = 1, so that it
contains two factors. The spot volatility Ufi) = gf’ follows the Cox-Ingersoll-Ross
(CIR) process

dgl(f) = ﬁ(i)(ﬁ(i) — ggi))dt + {mdUt(i),

where the {Ut(i)}’s are independent standard Brownian motions. Other parameters
of X" are set at (@, k@ €0 g0y = (0.03a7§i), 1.1m§i),0.5x:(;),O.25xff)) and vV =
V0W where the xg.i)’s are independent uniform random variables on the interval
(i)

[0.7,1.3]. The initial value of each log-price X’ is set randomly on the interval

[0.5,1.5] and the starting spot volatility g(()i) on the interval [0.50®1.507)].

To consider the microstructure noise, as shown in (3.2), the simulated observed
log-price is X @ = Xt(i) + agi), where Xt(i) represents the latent log-price, and the
microstructure noise has 5ti) YN (0,0.0005?). For the transaction times, we generate
100 different Poisson processes with intensities Ay, ..., Ajgo respectively. To exam
the finite sample performance for our proposed methods, we assume that one day is

23400 seconds, A; is set to be 0.017 x 23400, where 7 = 1, ..., 100.

We have three estimators NER-MSRVM in (3.16), NER-KRVM in (3.17) and NER-
PRVM in (3.18). As shown in Theorem 1, the largest scale M becomes n?? from

the original n'/?

. To exam the necessity of this change in high dimensional setting,
a modified NER-MSRVM, as NER-mMSRVM, with a smaller M =< n'/? is also
considered as a competitor. In Theorem 1, the convergence rate for NER-MSRVM is
same as the corresponding rate shown in Lam and Feng (2018) for NER-TSRVM. In
order to see the difference in the finite sample example, the NER-TSRVM introduced

in Lam and Feng (2018) is also included into our simulation.

The nonparametric eigenvalue regularization introduced in (3.3.4) is applied to re-
duce the negative effect from high dimensional setting. Therefore, the corresponding
estimators without the nonparametric eigenvalue regularization are also included
here and denoted as TSRVM, MSRVM, mMSRVM, KRVM and PRVM for NER-
TSRVM, NER-MSRVM, NER-mMSRVM, NER-KRVM and NER-PRVM respec-
tively.

Besides the methods above, Dai et al. (2017) proposed a POET method based on
pre-averaging data to capture the factor structure and handle the microstructure
noise. We apply this method on our simulated data and denote it as PR-POET.

Furthermore, a pure POET method without pre-averaging step is also included in

our simulation.

Section 3.4.1 introduces the jump-diffusion process and the jump removal process

for our proposed methods. Our simulation generate two set of data. The first
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scenario is for no jump process, which follows Heston-like multivariate factor model
as (3.2). The other is about jump included process obtained by adding one or three
jumps on each price and each time interval in the first scenario process. The jump
location uniformly distributed on the time interval, which is 5-days interval in our
simulation. Then the jump size follows iid normal distribution with mean 0 and
standard deviation 1/30. This jump adding procedure is proposed in Fan and Wang
(2007) and the standard deviation 1/30 is used in their paper.

A~

As for the measurement in our simulation, we use Frobenius error defined by tr(32(0, 1)—
3(0,1)). The integrated covariance matrix (0, 1) is evaluated using the simulated
latent log-prices at the finest grid (1 per second). We divide the 100 trading days
into disjoint 5-day intervals, and calculate the Frobenius error for different estima-

tors over each 5-day interval.

Figure 3.1 to Figure 3.4 are simulation results for no factor model where C'= 0. In
Figure 3.1, firstly, the proposed nonparametric eigenvalue regularization performs
well in terms of removing the incluence from high dimension, as all regularized es-
timators, NER-TSRVM, NER-MSRVM, NER-KRVM and NER-PRVM outperform
the conrresponding non-regularized ones. Secondly, our proposed methods, NER-
MSRVM, NER-KRVM and NER-PRVM have smaller Frobenius errors in general,
and especially NER-PRVM performs best. Thirdly, there is no significant influ-
ence when we include jumps and jump removal method proposed in Fan and Wang
(2007).
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Figure 3.1: Boxplots of Frobenius errors of NER-TSRVM, TSRVM, NER-MSRVM,
MSRVM, NER-KRVM, KRVM, NER-PRVM and PRVM for C' = 0. The upper plot
is for no jump scenario, while the bottom one is for jumps model (sd=1/30) result.

Both NER-MSVRM and NER-mMSVRM are considered in our simulation. Figure
3.2 reflects that, unlike the magnitude of parameter N in Zhang (2006), a larger
magnitude 2/3 is needed in high dimensional volatility matrix estimation. It is easy
to find that NER-MSRVM is significantly better than NER-mMSRVM no matter
whether there is no jump or jumps in the model. As the simulation with jumps has

same results, we omit it here to save space.
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Figure 3.2: Boxplots of Frobenius errors of MSRVM and mMSRVM with nonpara-
metric regularization for C' = 0.

In Kim et al. (2016), besided the bias corrected estimators KRVM and PRVM,
KRPVM and PRPVM are also discussed as they are positive semi-definite but have
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slower convergent rate in theory. We also consider both bias corrected estimators and
positive definite estimators as shown in Section 3.3.4. When there is no jump in the
model, NER-KRVM and NER-PRVM outperform NER-KRPVM and NER-PRPVM
respectively, which matches our theory. However, if the jumps are included, after
jump removal procedure proposed in Fan and Wang (2007), the results are similar

as Figure 3.3.
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Figure 3.3: Boxplots of Frobenius errors of positive semi-definite estimators (NER-
pKRVM and NER-pPRVM) and bias-corrected estimators (NER-KRVM and NER-
PRVM) for C' = 0.

To compare with POET and PR-POET introduced in Dai et al. (2017), by Figure
3.4, we can find that NER-PRVM are much better than PR-POET and POET.
As both NER-PRVM and PR-POET apply pre-averaging method, the difference
between NER-PRVM and PR-POET show us that the nonparametric eigenvalue

regularizaion proposed in this paper can fix bias caused by high dimension better.
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Figure 3.4: Boxplots of Frobenius errors of NER-PRVM, PR-POET and POET for
C=0.

Figure 3.5 to 3.8 provide the results for factor model where C' = 1. All results are

same as the conclusion made in Figure 3.1 to 3.4.
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Figure 3.5: Boxplots of Frobenius errors of TSRVM, MSRVM, KRVM, PRVM and
their nonparametric regularization estimators for C' = 1. The upper plot is for no
jump scenario, while the bottom one is for jumps model (sd=1/30) result.
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Figure 3.6: Boxplots of Frobenius errors of MSRVM and mMSRVM (scale is 1/2)
with nonparametric regularization for C' = 1.
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Figure 3.7: Boxplots of Frobenius errors of positive semi-definite estimators (NER-
pKRVM and NER-pPRVM) and bias-corrected estimators (NER-KRVM and NER-

PRVM) for C' = 1.
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Figure 3.8: Boxplots of Frobenius errors of NER-PRVM, PR-POET and POET for
C=1.

As we know that one of challenges in the problem we want to solve are microstructure
noise, Figure 3.9 indicates the results for the proposed methods and the competi-
tors when the microstructure noise variance is changing from small to large value.
For both factor model or the model without factor structure, when a small mi-
crostructure noise is included, NER-PRVM and NER-KRVM perform better than
NER-MSRVM and NER-TSRVM. Then, with the increase of noise, NER-MSRVM
can still obtain a good results as it dose when a small noise is used, while the
Frobenius errors for NER-PRVM and NER-TSRVM diverge hugely.
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Figure 3.9: Simulation results about microstructure noise effect by Frobenius errors
for model 3.2 without factors (C' = 0) and with factors (C' = 1) from the upper to
the bottom but no jumps.

Another question we concern is about high dimensionality. Figure 3.10 provides
the simulation results when p increase from 10 to 100. With increasing p, as the
larger matrix makes question more challenging, all methods included become worse
obviously in Figure 3.10. But we can find that NER-PRVM performs better.
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Figure 3.10: Simulation results about dimension p effect by Frobenius errors for

model 3.2 without factors (C' = 0) and with factors (C' = 1) from left to right with

no jump and with jumps from upper to the bottom.

3.6.2 Real Data

3.6.2.1 Minimum variance portfolio allocation

We first present a Theorem on minimum variance portfolio using our integrated

volatility matrix estimators.

Define 1, a column vector of p ones, the theoretical

minimum variance portfolio has weights defined by

Wiheo =

3(0,1)

175(0,1)

_11p

An estimated minimum variance portfolio weight vector is then




We also define the maximum exposure of a portfolio w as ||[W||max = max; |w;|.

Theorem 5. Let all assumptions in Theorem & hold. If there are no pervasive
factors with p/n — ¢ > 0, or there are pervasive factors but p*?/n — ¢ > 0, the
maximum exposures of Wineo and W, with f)(O, 1) being equal to f)(O, nM, fJ(O, 1)k,
(0, 1)KP, (0, 1)F or £(0,1)PP, will satisfy in probability

maxi<;<r )\maX(E(Tj—la Tj))
Min<j<r Amin(B(7j-1,75))

p1/2 1/2

||w||maxa p ||Wthe0||max S

If there are no pervasive factors and p/n — ¢ > 0, the actual risk of W (the same as
above) and Wineo, with an actual risk of w defined by RY*(w) = (wT2(0,1)w)"/2,
satisfy in probability

maxi<;<r, AmaX(E(Tj—lv Tj)) . /\1/2
ming <<z, Amin(X(75-1,75)) "

P2RY (Wineo) < AY2 (2(0,1)).

max

PRV (W) < (X(0,1)),

If there are pervasive factors and p*/?/n — ¢ > 0, then R(W) = Op(A(2(0,1))) =

Op(p), and the bound for R(Wneo) Temains the same as above.

If Assumptions (W1) to (W8) hold also under the jump-diffusion model (3.2), then
the same conclusions as above hold, as long as we are using the jumps removal

procedure described in Section 3.4.1.

Theorem 5 is exactly the same as Theorem 5 in Lam and Feng (2018), and the proof
is also the same and hence interested readers are encouraged to read the proof of
Theorem 5 there. The maximum exposure bound is important since it is clear that
the theoretical minimum variance portfolio also satisfies this bound. In practice,
unless we are using other methods and building towards a concentrated portfolio,
as far as minimum portfolio is concerned, we do not want to invest in a single asset
too much in any single period of time, especially when the theoretical portfolio is

not doing so.

3.6.2.2 NYSE data analysis

In this study, we choose the stocks based on two lists, the “Fifty Most Active Stocks
on NYSE, Round Lots (mils. of shares), 2013” and “Fifty Most Active Stocks by
Dollar Volume on NYSE ($ in mils.), 2013”7, from the New York Stock Exchange
Data official website http://www.nyxdata.com/. There are 26 stocks appearing in
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both of the lists above, and 74 stocks in either of them. We downloaded all the
trading transactions of these 74 stocks in Year 2013 from the Wharton Research
Data Services (WRDS, https://wrds-web.wharton.upenn.edu/). We omit the
stock Sprint Corporation due to missing price data. We first clean all the data by
the R-package “highfrequency”, which follows the high frequency data cleaning steps
presented in Barndorff-Nielsen et al. (2009). We conduct our portfolio allocation
study on two portfolios, one with the p = 26 stocks appearing in both lists, and the
other with p = 73 stocks appearing in either of the lists.

The quantities to be compared for different portfolios are as follows. For daily
rebalancing with a k-day training window (k = 1 or 5), we calculate the annualized

portfolio return and annualized out-of-sample standard deviation, given respectively
by

250 1 250 Ia 1/2
L= 250 X ——— Ty, A:<250><— Ti——2> .
K 250 — k izzk;lw T €@ 250 — k i:zk;l(w T~ 95

The out-of-sample standard deviation is a good indicator of how much risk is as-
sociated with a portfolio Demiguel and Nogales (2009), and is our main quantity
for performance comparisons, whereas portfolio return is of secondary importance.
We also calculate the Sharpe ratio ji/6. The average maximum exposure and the
maximum of the maximum exposure over the whole investment horizon are two
important measures for comparisons too. Since this is a simulation experiment, we
can calculate the actual risk of a portfolio w, RY?(w) = (wT3Zw)Y2 over a trad-
ing day. We compare the averaged actual risks of different methods over the whole
investment horizon. Finally we compare the error norm compared to wype,, defined

as Norm = Hw — wtheOH, and also the portfolio turnover for different methods.

Before applying the proposed methods, we remove the jumps as shown in Section
3.4.1. Tt is clear to see that our nonparametric eigenvalue threshold methods perform
well to reduce the side effect from high dimensionality, especially also better than
POET method. In terms of averaged maximum absolute weight, maximum of max-
imum absolute weight, annualized portfolio return and Sharpe ratio, kernel method
and pre-averaging method are better than two-scale and multi-scale estimators in

general.
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5-day Out-of-Sample Aver Max Abs Max Max Abs Portfolio Sharpe

Methods SD (%) Weight (%) Weight(%) Return(%)  Ratio
p=26
NER-TSRVM 4.7 206) 44 171 3.63
TSRVM 5.7 411y 94 163  2.85
NER-MSRVM 4.6 20¢6) 42 17.8 3.86
MSRVM 5.7 42(14) 98 17.4 3.05
NER-mMSRVM 4.9 217 49 17.7 3.61
mMSRVM 5.7 4216 108 174 4.39
NER-KRPVM 46 1905, 39 202 4.39
KRPVM 5.3 277 92 16.2 3.06
NER-KRVM 4.6 17 36 21.6 4.69
KRVM 5.2 26(7) 89 15.3 2.94
NER-PRPVM 16 18.4) 33 202 439
PRPVM 5.4 245, 86 173 3.20
NER-PRVM 45 1704, 31 220 4.89
PRVM 5.3 257) 82 143 2.70
POET 7.0 3337, 75 162 231
PR-POET 4.7 266) 50 16.8 3.57
p=72
NER-TSRVM 4.0 113 22 14.9 3.72
TSRVM 141.7 238 (508) 4708 4565  —3.22
NER-MSRVM 4.0 1104 23 14.4 3.6
MSRVM 137.5 260 514) 4215 4745 —3.45
NER-mMSRVM 4.2 1204 24 143 340
mMSRVM 157.8 251 507) 4917 4609  —2.92
NER-KRPVM 4.0 10¢3) 21 14.9 3.72
KRPVM 137.5 236 460) 4352 —4135  —3.01
NER-KRVM 3.9 1) 21 148 3.79
KRVM 140.6 229 (431) 4623 —-398.7  —2.83
NER-PRPVM 3.9 10(2) 22 159 408
PRPVM 125.2 224 453) 4145 —416.7 —3.32
NER-PRVM 3.8 92) 21 16.7 4.39
PRVM 128.1 216 (448) 4007 —-398.5  —=3.11
POET 62.7 188232) 3116 —235.4 —-3.75
PR-POET 4.1 166) 33 14.5 3.53

Table 3.1: Empirical results (jumps removed) for the 26 and 72 most actively traded
stocks in NYSE: annualized out-of-sample standard deviation, averaged maximum
absolute weight, maximum of maximum absolute weight, annualized portfolio return
and Sharpe ratio.
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3.7 Proof of Theorems

Before presenting any proofs, we present the last set of assumptions which are re-
quired for Theorem 1,2,3 and 4 to hold. We first need to decompose X,, — X(s).

Consider the previous-tick time ! € (vs_1,v,] for the ith asset, which should satisfy
Veoy <} <HE <o <t =,

where {i1,...,4,} is some permutation of 1,..., p. Letting b, (assumed o(p)) denote

the number of tides, we can write the above as
Voot U SR < ST = g,

where j1,..., 75—, € {1,...,p}.

Then we can write, for s =1,...,nL,
p—bs—1 A p—bs—1
X,,~X(s) = > DAt Z (m+1)+ Y Dy B ) P2 (mA1),
m=1 m=1

(3.1)
where D7 is a diagonal matrix with either 0 or 1 as elements. The jth diagonal
element is 1 if the jth asset is already traded at time t/, and 0 otherwise. The

matrices A(-,-) and 3(-, ) are as defined in Assumption (D1) and (V1) respectively.

(A3) If the drift p, is random, the components of Zf;l’s(m +1), Z) (m+ 1) €
]-"émﬂ are conditionally independent given F_;, E(ths(m +1)|F.;) =0 =
E(Z] (m+1)|F_;), var(Z) ,(m+1)|F_;) = I, = var(Z] (m+1)|F_;) almost
surely. Eighth moments exist for their components as well. If the drift u, is
non-random, then Zis(m +1) = (1,0,...,0)T.

(A4) (Only for random drift and volatility). Using notations in Assumption (D2),

we assume that for some ¢4 ;s € F_;UF? greater than 0, and for £ = 1,...,m,

7 s Vs

B(pED, AW, )2 (¢ + 1)| F 5 U F), )

Cd j,s Tas . . j ij
=(1— —F7—— |p;; D} A(tI t!mt)Z) (£ l
( (p—bs—Da)p” m A ) d,s( )+€d,s( )

where 0 < a < 1/2, and we define ZQS(K)ZQS(K)T = I, and egs(f) = 0 for
¢ < 0. The process {62{;8(6)} with eﬁf;s(é) € .7-"7;7]-2 has E(eﬁis(ﬁﬂf_j U]—“j )=0

Je—1
S

141



almost surely, and egs(é)l}“_j U };]L1 = OP(”A(th—l,tg[)”) — Op(p}/2 (p—
by — 1)~ In7t L.

We also have E(p?jD;";LE(tgm, e )2Z0 (C+1)|F_;U .7-:7]-2 U f;) = 0, since
{Zi (O)}syfor s =1,...,nL, £ =1,...,p—b, — 1 is a double array of inde-

pendent random vectors.

(A5) (Only for random drift and volatility). Let ¢(z) = e — 1. We assume that

for 0 =1,...,m,

E{@< PEDL A )2, (0) )‘

A J
D A, iz - ) } =
|p1] m (3 » S ) d,s( )|

ié—l
e, (0)] .
E 90 T Jm  pJm+1 7 “F_] U ‘Fjg,1 < 00.
IpLDg, A(th t )2 (0 — 1)) £

The assumption for the volatility runs parallel to the above, with the expec-
UF7, X(, )12 replaces A (-, -), ZJJS()

tations now conditional on F_; UF’, |
-

replaces Zis(-) and 0 replaces 625(')-

Assumptions (A3), (A4) and (A5) are parallel to (D1), (D2) and (D3) respectively.
The major difference is that the coefficients le, K, < 1isnow replaced by coefficients
that are going to 1 as n,p — oo, which are controlled by an exponent o > 0. A
larger @ means that the correlations among variables between tick-by-tick trading
times are higher. We assume this since the time length between ticks is usually
very small. Note that if the drift is non-random, we only need Assumption (A3)
that Zflﬁs(m +1) = (1,0,...,0)T, which is just a matter of notation rather than an

assumption.

If we assume the jump-diffusion model (3.2) for the log-price process X;, and all

estimators are constructed using the jumps-removed data
?t :Yt_jt = (Xt—/jt)—f—ﬁt :Xt‘i‘et, (32)

where {jt} is the estimated jump process using the wavelet method in Fan and Wang
(2007), then {it} represents the jumps-removed log-price process. For j =1,...,L

and vy = v! for s =0,...,n(j), we then have

Y (s) = X(s) + €(s) = X,, + E(s),
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where we define

E(s) = €(s) + X(s) — Xy, = €(s) + (X(5) = I(s)) = (X, = Tu,)-
Replacing X(s) and X, by X(s) + J(s) and X, + J,, respectively where X, is the
vector of pure jump log-price process, we then have

E(s) = e(s) + X(s) = X, = €(s) + (X(s) = X,.) + (e(I(s)) = e(J.)).

where e(J;) = J;, — J,. Hereafter, we denote E(s) by the above expansion, and
Xt = Xt + B(Jt).

Before we present the proofs of our theorems, we introduce five important lemmas
first. The first two lemmas come from Lam and Feng (2018) and are used for
proving Theorem 1, 2 and 3. The remaining three lemmas are developed for proving
Theorem 2 and 3.

For any integer m > 1, define

ey 1 N I -
[X’U?X;{‘]‘g ) = E Z (XUs+m - Xvs)<XUs+m - XUS>T7
$,8+meSI (m)
- o - N
KB =L S (R, R+ m) - BT, 33)
s,s+meSi(m)
S
BB =— Y (B(s+m) -~ B(s)(B(s + m) — B(s))".

$,8+meSI (m)

Lemma 3. Let all the assumptions in Theorem 4 hold. Then with p/n — ¢ > 0, we
have

> (K
pg[XmXﬂ; )pij

PLE(Tj-1, T5)Pij

— 1' = OP(K,;/QTFU2 —i—p}/Qn’l/Q).

77777

The proof for Lemma 3 can be found in the intermediate results in the proof of

Lemma 1 in Lam and Feng (2018). We do not repeat their calculations here.

Lemma 4. Let all the assumptions in Theorem 4 hold. Then with p/n — ¢ > 0, we

have T
pij(XUs — X(s))

= Op(n='?).
i=Lop s=1.n() | (PG 2(7j-1, 75)Pij) /2 Pl )
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This Lemma is in fact the same as Lemma 2 in Lam and Feng (2018) where o = 1/6
there. The different result stems from Assumption (V2) where we treat the ZJ (m)
as an independent sequence of random vectors in both the indices m and s. We
omit the proof here, since it is the same proof as Lemma 2 of Lam and Feng (2018),

but with a = 0 on the volatility side of the proof.

In all the proofs below, if no ambiguity arises, we use n in a summation instead of
n(j) within a partition j to simplify notations since we assumed n =< n(j) for each

J anyway.

Lemma 5. Let all the assumptions in Theorem 4 hold. Then with p/n — ¢ > 0, we
have for a bandwidth @) defined in (3.8),

n—Q+1 _ T/~ e e e T
_, max Z Py Ko _XU;HZ_E)(XUSH)I — XUSH/_I) i) _ OP(P}/ZTL_UZ).
l:l,._..7cf2m—7€: {/_:1’7""'.’@_1 s=1 Pij&\Tj—1,Tj )Pij
1Al
Proof of Lemma 5. We use the decomposition
n—Q+1 > S > S 1 2) (3
Z pE(XUs+l - Xvs+l—1)(X'US+l/ - XU3+1/,1)TpZ‘j _ 'F)l(,l/) + Q'F)l(,l/ + 'Pl,l/)
— P (7)1, 7)Pij P (-1, 7)Pij
where
n—Q+1
) . .
Pl(,l') = (p;I;A(US—H—h Us—&-l)zgl,sﬂ + PB;E(Us+l—1a Us—l—l)l/QZz;,sH)
s=1
: (piTjA(Uerl’fla 'Us+l/)zé75+l/ + p;'Ij“E(Uerl’flv Us+l’)1/22i75+l/>Ta
n—Q+1
) . ,
P =" (PEAWas1-1,Vas) B oy + P Warior, vas) 22 (e Te,) — ey, ) Py
s=1
n—Q+1
3
P = 3" phle(u.) — e(Tu. ))e(@u,,) — e, ) Py
s=1
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Let us consider PS) first. We know that

n—Q+
) _ E/ i iT T
Pll’ - pw US‘H_l’US‘H)Zd,s+lzd,s+l’A<vs+l’—17Us+l’) Pij)
s=1

n—Q+1
+ (pi_jA-(Us—‘rl—h Us—l—l)zd ,s+1 ZU’I;+I/ E (Us+l'—17 Us+l’)T/2pij)

s=1
n—Q+1
T 7 jT T
+ (pij2<vs+lfla Uerl) Z'u s+lZd s+l’A(U5+l'*17 UsH’) pij)
s=1

n—Q+1
+ (P B (Vss1-1, Vsst) 2z) SHZZJZHIE(UHVA, vsr1r) 7 ?pij)

s=1

:Pl(Jl/l) + -Pl(l/ ) + -Pl(l 3) + -Pl(l 4).

Consider Pl(ll/’l). The proof is the same with non-random drift where then p; = p
since A(-,-) contains just one non-zero column of vector. So here we only focus on

proof with random drift. We have
n—Q+1

, 4 1/2 .
E]|Pllll’| < Z E;/Z pz]A<Us+l 1,Us+l)zjd75+l) EJ/ (pz]A(Us+l’ 1,Us+l'>Zzz,s+l/)2

s=1

= O(||A(vsri—1, vs1) ||| A (Vstr—1, Vs ||) = O(pyn™1).

Also, using Lemma 2.7 of Bai and Silverstein (1998),

n—Q+1
By | < }: B (DL A(vss11,004)Zi 1) B (PG A (01, v50) B )

+ Z Ej((piTjA(Uﬁ-i—l—lv 081+1)Zé,31+lp?jA(v82+l—1a USQ-H)Zgl,sQH)
S17£82

) (p;FjA(,USHrl’*l? U81+l/)Zzl,sl+l/p;l;'A(U32+l/*17 U82+l’)Zfl,sQ+l’))

= 02 - || A(vsri-1,v510)||) = O(W2n~2).

Hence we have
Pyt = Op(pm™).

Same technique shows that

,2 1,3 _
PY? B = Op(p™7?).
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(1,4
!

)

Now consider P, ), By Assumption (V1), for ¢ < ¢, defining

Ry = pE(ver,v0) P23 20, B (vp—1,00) " pyj,

we can use the independence of the Z{;’S’s to see that E(Ry | F_; U]:Zfl) = 0. Hence

using the Burkholder’s inequality, we have

n—Q+1
1,4
Ej(Pz(,l' ))2 <C Z Ej(R§+l,s+l’)~

s=1

where C' is a generic constant. Using Lemma 2.7 of Bai and Silverstein (1998),

E(R;,) <2E (R}, + R} ,), with

2 —
E;(R; ) = O(||Z(ve-1,ve)||") = O(pin~2).
Hence we can conclude that Pl(’;,A) = Op(psn~'/?), and hence

1 1,1 1,2 1,3 1,4
P [pEs(rioa, m)py = (B + PP + PP + PYY) pE S (rim1, )Py

= O0p(p/*n112).

Using the jumps removal rate in Fan and Wang (2007), and Assumption (W2) and
(W3) that there are only finite number of jumps for each stock and cojumps at each

time point, we have
3 —
For Pz(,z2/)7 similar to the treatment above,
2 1/2 /2 _
PR = Op(p/*n~51 + p}/?n~314),

which is dominated by Pl(’ll,). Hence we have

~Q+1 3 < <
max nz p?j(XUSH ~ Ko )Xoy — X“s+z’—1)Tpij = OP(Pl/Zn—l/z
i=1,...,p, j=1,...,L — p;S, (Tj-1,7j)Pij f

l:17"'7Q_17 ll:lv"'7Q_1
1Al
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Lemma 6. Let all the assumptions in Theorem 4 hold. Then with p/n — ¢ > 0,

zn: p;(E(s)E(s)")p;

ma :Op(n).
i=heop | PGE(T-1, )Py

Proof of Lemma 6. By the definition of E(s), we have

i p;;(E(s)E(s)")py; Z E,+2 Z E,, where

s=1 pZJE(TJ 1’7—J pzy
E Z pzj )))2
s=1 pl] (TJ 1’7—])p1]
L (X _ Xv 2
By = Z <pz%( (S> s)) ’
s=1 pijE(Tj*th)pij
n T _ 9
By — Z (pij(§<'](s)) e(Jv,))
s=1 pijE(Tj—lu Tj>pij
o 3o LX) = X,y
s=1 p?‘E(Tj—ij)pzj
(

Es = Zn: P (e(s))(e(I(s)) — e(Ju,) Dy

Y

)

= P 2(7j-1,75)Pij ’
B - i p;(X(s) = X,,)(e(I(s)) — e(J,)) ' Py
s=1 pz]E(T] 17Tj)p13

By Lemma 4, and Assumption (W2) and (W3) together with the rate of jumps

removal in Fan and Wang (2007), we have

EQ = Op(l), E3 = Op(nil/Q).
For F,, consider Ey = Ey; + F 2, where

> ((pe(5))* — P! pij)
pz]2<TJ 1, 7j)Pij

Z: 1p7,]26 sPij

PUE(TJ 1, 75)Pij

By =

?

Eip =

For E; 5, Assumption (E1) implies that

ELQ = Op(n)
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For By, let g% = (ple(s))? — p;%.,pi;. Using Lemma 2.7 of Bai and Silverstein
(1998) under Assumption (E1) to (E3), we have

(B}, |F 5 U{Seuu € [0,1]})
= (P1Z(rj1.7)Pys) {ZE PIF 5 U {Seusu € [0,1]})

+ 3 EgdgdlF 5 U{Seuue 0.1}

51#£52

=0(n-1+n*>-n'-1)=0(n).

Hence E, ; = Op(n'/?), and so
E1 == Op(n)

Finally, a simple C-r inequality shows that either £, E5 or F5 dominates the order
of E; to Eg, and hence

L L E(s)E(s T I
1 P 2(7j-1, 7;)Pij
Lemma 7. Let all the assumptions in Theorem J hold. Then with p/n — ¢ > 0,
for0 <l <mn,
n—I NT.
pZJES—i-l (S—f-l)p”
s=1 ngE(TJ 17T])p2J

_ Op(ll/znl/Q).

-1
=0

Proof of Lemma 7. We can decompose Z

n— lP”E(S'H) (s+)"pyj Z L.
- TE(T] 1Tj)pz] Jj=1 g
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where

n—Il _T -1 NnNT
GESH) D i e(s+ 1) piy
lej:p]( ) I'=0 ( )p]

po Py 2(7j-1, 75)Pij ’
L Zl Pl (X (s +1) — Xvsfﬁ) (X (s+ 1) — XUW)TPM’
s=1 pz‘jE(Tj—la 5 )Pij
Ly = nz_l pi(e(J(s+1)) — e(JUS+lT)) L (e(I(s+ 1)) - e(JUSH/))Tpij’
s=1 P 2(7j-1,7;)Pij
L= nz_l pj€(s +1) Zo(X(s+1) - XUSH/)sz‘j,
s=1 pw 3(7j-1,7;)Pij
L = nz_l pje(s +1) T(@( (s+1)) — G(J%H,))sz‘j?
s—1 pijE(Tj—17Tj)pij
Ls = nz:l p;l;' (X<S + l) B XUSH)T 5;10(6('](5 + l/)) - G(JUS“/))TPH’
s=1 pijE(Tj*th)pij
[y = S B K elo £ XG40 = X ey
s=1 ng (71, 75) Py

o= § AT els + 1)eUls +0) — )"y
‘=
- P2 (71, 7)Pyj
Ly = nz_f P io(X(s +1) = Xy ) (e (s + 1) = e(Ju,.) Py
. .
p— pz]E(T] 1’T]>pw

?

Consider L, first. Denoting E;(-) = E(-|F_;), and cov;(-,-) the corresponding co-

variance operator given F_;, we have

Ej(Ll):ZO(l)-covj (piJ (s+1) ,pwz (s+1) )

<> 0() -0 (PGS, pi) 200+ Pn~ )2 = 0(11?),

where we used Assumption (E3) on the weak correlation (at order n~!) between
functions of €(s;) and €(sg) when s; # so, and the boundedness of HE@SH in As-
sumption (E1). Also,

n—I -1 -1
E;(L%) = O(1) - E; (p;fje(sl+1)p?jz e(s1 +1')pre 52+lpuz 52+z)
s1,82=1 '=0 =0

—0(1)-O(nl +n%-n~"-1) = O(nl),

149



so that
L1 = Op(n1/2l1/2).

To find the rate of Lo, define

—bs—1 s i i .

Al(s) = pZ Py Dy A, )25 (m)
¢ — (P5E(7j1, 7)Pi) 2

A B p—bs—1 pgDQZ(t{;m,tim“)l/QZﬁ’s(m)

J(s) = Z (PEE (1,1, 73)piy) 2

ij J—1s13 ng

m=1

Then we can decompose Ly = Lgq+ Lg, + Ly g+ Ly, where

n—lI -1 n—l -1
Ly =3 AU 4 S AV 4 1), Loa= 3" A9+ 1S AT (s 4 1),
s=1 =0 s=1 I'=0

and the two other terms are defined similarly. Going through the proof of Lemma
2 in Lam and Feng (2018), we have

i B . Op(p}/ nh), non-random drift;
AYs) = Oy, Afs) =4
Op(p; p*~1/2p71) random drift.

Hence for non-random drift, using Burkholder’s inequality on all except L4,

Laa = Op(pgin™), Lay, Lua= Op(p*n? - nV% . 071y = Op(p)*In""),

LU7’U — Op(ll/Q’rL_l/Q),

implying that
Ly = Op(psln™" + 112n71/?),

which in fact is true for the case of random drift as well.

Using Assumption (W1) to (W3), we have

Lz = 0,(In""?), Ls, Ly = Op(In~'/*),

Lg, Ly = Op(p}/2 AnTY2 TV = Op(p}/an_3/4).
Finally, using Assumption (E3) and the fact that {A%(s)} is a sequence of indepen-
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dent variables in the index s,

Ly, Ly = Op(n1/2 . (p}/an—l + l1/2n—1/2)) _ Op(p}/zln_l/z + l1/2).

Hence we have the result as stated, since ['/?n'/? dominate all other term no matter

pf=1lorpr=pxmn. U

3.7.1 Proof of Theorem 1

For NER-MSRVM in (3.3), i =1,...,p, j=1,...,L with P_; = (py;,...,Pp;), We

can decompose
M
- > ST1(Km v V(K v yT1&E
Py (-1 7)Y Py = D an[¥, YT Dy + pi¢ <[Y’YT]§' Y M)> P
= Il -+ 2]2 + 137

where i(Tj_l, 7)™ is the MSRVM in (3.4) constructed using jumps-removed data,

and

—

I

M
PE > a0 XIS pys 4+ 016 (K, X — (R, K1)

m=1

<

M
Z amPy; [ X, XE]EKT")PU + (pj[Xa, Xf]ﬁ-K”pij — (py[Xo, Xf]g-KM)pij,
m=1

IQ - Z amp£ {5{@, ET]EKm)pZJ + Cpg‘y [5{-—1}7 ET]EKl)pl] - Cpg [X’L)v ET]g'KM)pij7
m=1
M
K K K
I=>" a.p5E,E"""p; + (pL[E, BT p; — (pi[E,ET)S " p;;.
m=1

Going through the proof of Lemma 3 in Lam and Feng (2018), we have

T % T1(Km)
p;[ Xy, TPy ~1/2 —1/4
= Op(K;V2 4 0=, 3.6
P2 (71, 7)) Pij ( ) 30

Ay

By definition, K,, = N + m, with N =< n%*? and M =< n'/2. Hence it is easy to see

that all K,, has the same order at n?/3 for m = 1,..., M. Also, since > a,, = 1
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and ( < , it is easy to show that

M pz] X?J? XT] ij

Z pr]E(TJ 1 T])I’U

m=1

_ 1’ _ OP(K#L/anl/z _i_p}/znq/z)

—OP( —1/6+p1/2 —1/2)

< oyl K
P;I;[XmXE]E M)pij
P5E(Ti1, 7)) Pij

C ‘ pzj [XU7 XT]( p’L]
pZ]E<T] 1) Tj)pl]

) = Oy(n ™0 (K22 4 P12 1))
= Op(n_l/ﬁ).

where both results above used Lemma 3. Since the above bounds are independent

of the indices ¢ and j, we have established that

I
L pEE(TJ 1, Tj)Pij

— 1| = Op(n™ 0 4 p)*n=12). (3.7)

T

Similarly, to find the rate of I, using (3.6),

(Km)
o Xva ET] Pij ~1/2 |, . —1/4 —1/4
Ay, = Op Km +n = Op n / y
Z E(T] 1, 75)Pij ( ) ( )

N K
¢ PE[XU,ET]( 1)Pz‘j pij[XmET]g‘ M)pij
szE(TJ 1, 7j)Pij piTjE(Tj—th)pij

) = Op(n—l/ﬁ . <Kn_11/2 + n—1/4)) _ Op(n—5/12).

Since the above two results are free of all indices ¢ and j,

I

= Op(n~%). 3.8
T p;I;E(T] laTj)pU P< ) ( )

T
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To find the rate for I3, consider the decomposition

T (Km)

I;%[S(ij . 2135—1-22135, where

1 (pij< ( ) —€(s — Kp)))?
2 P E(Ti-1, 7)) Pij

1 (5 (X(s) = Xy, + Xy, _y, — X(s — Kn)))?
2 DTS, 17

1 (P (e(I(s) —e(Jy,) = e(I(s = Kpn)) +e(Jo,_,.)))?
2 P E(Ti-1, 7)) Pij

1 p;l;-(e(s) —€(s — Kp))(X(s) = Xy, + X'U.s—Km — X(s— Km))Tpij

P E(Ti-1, 7)) Pij

I

Y

Y

Y

> p;;(€(s) — €(s — K;n))(e(J(s)) — e(Jy,) — e(I(s — Kn)) +e(Jo, 1)) Py
szE(TJ 1,7)Pij
— Xy, + Xy, — X(5 = Kp))
P 5 (71, 7)) Py

bl

1 Z p;l;‘ (X<3)

$,8—Km €SI (Km)

(eI () — () = e(I(s = Kn)) + (T, ) ' Pis-
We consider I35 first, which by Lemma 4 has
]372 = Op(’l’LKn_ll : n_l) = OP(KW_,Ll) = Op(n_2/3>.

Using Assumption (W1) to (W3) and the rate n='/* of jumps removal in Fan and
Wang (2007), we have

Is3 = Op(n™?), I35 = Op(n~'/%),

13,6 = Op(n_l/QTL_l/4) = Op(n_3/4).
Using Assumption (E3), we have

Is4=Op(K;2-n-n"Y) = Op(n=??).
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Instead of considering the rate of I5;(m), we consdier

M

p,E(7-1, Tj)Pz‘j(Z 31 (Km) + ((L31(K1) — I31(Kw)))

m=1

Yo X llels) —els = K)

™ s,s—KmeSi (Km)

+ole Y. (pile(s) —e(s — K1) (3.9)

S,S—K1 €S (Kl)

“w 2 (Pllels) —els = Ku))))

s,s—KpreSJ (KM)

:Jl - 2J2 + Jg, (310)

™ ss—KmeSi (Km)

M

B=Y e Y (phes)
m=1
+¢

1 1
(= > (phe(s)’ —— > (phe())),
K _ Ky _
$,s—K1€57 (K1) $,s—Kp €S53 (Kypr)
M
o 1 T T
Jo = Z m g Z (pije(s)e(s — Ki) pij)
m=1 m 5,8—Km €SI (Km,)
1

+C(= > (phels)els — K1) 'py)

! s,s—K1€57 (K1)

1
Ky > (phe(s)e(s — Ku)"pyj)),
S,S*K}\{GSJ'(K]M)

1
Js = Z Um g7 Z (PiTje(S — Kn))?
m=1 m 5,8—Km €SI (Km)
1 1
P Y el K)? - Y lels — Ka)?).
1 S,S—Klesj(Kl) S,S—KMESj(KAj)

Writing g7 , = pj;€(s)e(s — Kn) ' pij, by Lemma 2.7 of Bai and Silverstein (1998),

1 N2
E{ (K Z girjz,S> ‘}—w} =O(K,’n-1+n""- K, *n* 1) = O(K,;’n), hence
" 55— Kn€Si(m)

1 .
— Y k.= Op(K ) = Op(nV0),

M 55— KmeSi(m)
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which implies that
JQ = Op(nil/G + nfl/?’) = Op(nil/es).

We can further decompose J; = Ji1 + Jia2 + Ji3, where

M
1 .
Jn=Y 77— > ((pj€(s))” — P, =L pij),
m=1 " 55— Km€ST (Km)

Jis — <(Ki1 ST ((eles)? - pLS.py)

s,s—K1€57 (K1)

e X (@l el

5,6—Kpn €SI (Knr)

M
Jis = : iz
13 — amK_ pz] G,Spij
m=1 m S,S—Kmesj(Km)

1 | 1 |
= D PLILPy T > piZpy).

s,s—K1€57 (K1) $,s—Kpn€S7(Kar)

Now define g% = pjie(s) —p X! ,pi;. Using Lemma 2.7 of Bai and Silverstein (1998)

under Assumption (E1) to (E3), we have

Bl Y aPHSeue 01])

™ s s—KmeSi (Km)

— K2 Y BB e [0.1))

$,s—Km€Si(K)

+ K2 Y Ei(93 95 1{ B u e [0.1]})

s1782

= O(K’n- 14+ K.?n?-n'-1) = Op(n~ 3.

The above implies that
J11 = Op(n_l/ﬁ) = Jlg.

As for the rate of Ji3, we can do a further decomposition Ji3 = Jl(;) + Jl(? + Jl(g),
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where ¢, = %::H and
il 1
1 . )
Ty = > am(K— > P 2L pij — cmPyL E(X)pij),
m=1 ™ 55— Km€Si (Km)

1 . .
R (T S T RS

L s—Kiesi(ky)

1 . .
— <K_ Z piTjEZ;,spij - CMPEE(EZ,s>pZJ>) )

S,S—K]\4€Sj (KM)

i1~ S tem + (1 - cn) )L E(EL )
m=1
Parallel to the argument used for Jij;, under Assumption (E3), we have
Jl(?l)) = Op(K;’n+ K.>n? - n~HY2 = Op(n~V/5).
Similarly,
J13 = Op(nV/% - n71%) = Op(n™'/?).

By the same technique used in the proof of Theorem 1 in Tao et al. (2013), and the

definition of a,,, ( in 3.3 and ¢,, shown above, we have Jl(g’) = 0. Hence
J13 = Op(n_l/ﬁ).

This implies that
Ji = Op(n~V%) = J,.
Combining these rates, we have
M
Z i l31(Km) + C(I31(K1) — Is1 (Kr)) = Op(n™%).
m=1

Hence this, together with the rates for I35 to I3, allow us to conclude that

I3
p | PR (71, 75)Pij

= Op(n~1%). (3.11)
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Combining (3.7), (3.8) and (3.11), we thus have

P71, 7)Y Py

, T
=1, TS (7, o,
iZhep Pi; (751, T)Pij

— 1| =O0p(n/° —{—p}/zn_l/Q).

For 3(0,1)™ we have

HE(O, 1)M21dea1(07 1)71 - pH
L

Z(E(Tj—b ) Btacal(7j-1,75) 7" = L) Bdear (751, 75) Lraear (0, 1)
=1

L
S Z H§<Tj—1aTj)MEIdeal(Tj_l,Tj)*l ~L|

j=1

-1
diag(PTjE(Tj_l,Tj)P_j) . (diag(PTjE(Tj_th)P_j) + ZPTjEIdeal(Ti—lyTi)P—j)
i

— OP<<n—1/6 —i—p}/Qn_l/Q)

1
‘ (Ip + Z P?jEIdeal(Ti—la Ti)P_jdiagil(PrEjE<Tj_1, Tj)P—j))
i#£j

= Op(n~Y5 + p}/zn_lﬂ). O

)

j=1,...,L

3.7.2 Proof of the Theorem 2

(h) ()
J <YJ
partition j already. Define, for a time series of vectors Y (-),

In this proof we drop the subscripts j in ~y ) since we are working within

J—1 n
YO =73 Y1), YPn-27+1)=J" > Y(0),
=0 l=n—J+1

YD) =Y(s+J—1), s=2,...,n—2J.
To extract the jittering effects for analysis, define

Y1) =X(J), Y Dn-2J+1)=X(n-J),

?*(J)(S) = Y(s) = Y(s+J—1),s=2,...,n—2J.
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Then we have

n—2J
* h
ple(Y )plj p’L]K(Y )pl] szE( )plj + 2 Z kH pz]E( )pZ]7
h=1

where kp(h) = k((h —1)/H) or k(h/H), and E}” = E}) + EJ"), where for i > 0,

EJ} = (Y (h+2) = YV (h+ 1)(X(J) - YO 0)",
EY) = (YD —-27+1) - X(n— ) (Y (n—2J+1-h) =YD (n—2J - h)T,

pLEDp; = (LY (2) — YV(1))? — (pH(YV(2) — X(J)))?,

PLESP; = (PH(YV (=27 4+1) = YV (n = 27)))* = (pi(X(n — J) = Y (n - 2)))".

We now present a proposition on the rate of jittering effects from NER-KRVM or
NER-KRPVM.

Proposition 1. Let all the assumptions in Theorem 4 hold. Then with p/n — ¢ > 0,

p'LjE(O)le + 2 Z;LL 1 kH(h’>p1,]E(h)pU
pij;'E(Tj—lv Tj)Pij

= Op(J 7"+ I 4 (I 4 TP ) (H P P ),

where py = 1 when there are no factors, or py = p when there are pervasive factors

in the log-price processes.

Proof of Proposition 1. We shall only consider Eghl) for h > 0 in this proof since EShQ)

can be treated exactly the same with the same rate. Consider

pL(Y(1) — X(J))
(PEE(TJ‘ th)Pz‘j)l/Z
p;(X(s) — X(J)) PU —e(J(J)))

L=J Z !

) J )
-0 ng (75— 177—])p1 )12 12 (T 1’T])pzj)1/2

= [1 -+ [2 + [3, where

s=

-1
p;€(s)
=J Ik

; pEZ(TJ 1, Tj)Pij) 2

Under Assumption (W1) to (W3) and the rate of jumps removal at n~'/* from Fan
and Wang (2007),
IQ == Op(n_1/4).
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Also, with Assumption (E3),
Ej(Is)? = O(J 2 I+ J72. J2.n7Y) = 0(J ),

so that
Is = Op(J7'?).

For I, using the result of Lemma 4 and Assumptions (D1) and (V1),

oS P ~X,) JZ p(X,, ~X,)
s (me(TJ 177—])p1])1 (pz]E(T] 1’Tj>pij)1/2
—  PH(X, —X(J)
P (p;l;E(Ty lvTj)pm)
J-1
= Op(n ™)+ Op(J ™ Y ()2 = )07t 4 (] = 9)'20712) + Op(n )

s=0

)
1/2

s§=

= OP(p}/QJl/Qn‘l + J1/2n—1/2) _ OP(JI/Qn—1/2)‘

Hence we have

P (Y (1) = X(J))

= Op(J V24 JV2p12 4 =14, 3.12
(p£E<T] 1, 7j)Pij) /2 o ) ( )

Now consider

n—2J
(h
JE = pLEpy; +2 Z ku(h)PLEY Dy

= pL(YV (1) = X()) +2p5(YV (1) = X(J)) - R(J), where

n—2J

R(J)=pi(X(J) - Y Z ka(MpL(Y (h+J) = Y (h+ J +1)).
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If kg(h) = k((h —1)/H), then

R(J)
n—2J
= pEX() + - (ku(h) — ku(h— D))PEY (h+ J) + ku(n — 2J)pEY (n — J + 1)

= > (ku(h) = ku(h = D)p5(Y (h+ ) = X()) + kar(n = 2))p(X(J) + Y (n = J + 1)
= N K (G )H (Y (h+J) = X(J)) + Op(nh),

where (h —2)/H < &1 < (h—1)/H. If ky(h) = k(h/H), following the above

steps, we can show

n—2J

R(J)= Y K(&@H ' (Y(h+J)=X(J) +Op(n"")

h=1

= D1 + D2 + D3 + Op(l), where

n—2J

Z k/ pw (h—l—J)—X(J)),

n—2J

Z K (&) H 'L (e((h+ ) — e(I(J)),

n—2J

Zk, (&) H ™! p” e(h+J).

Using Assumption (W1) to (W3) and the rate of jump removal in Fan and Wang
(2007),
Ds/(pyB(7j-1,7;)pis)* = Op(n~4).

With Assumption (E3),

Ds/(p52(1j-1,7)pij) "> = Op(H™'? +n71%) = Op(n™'/?).
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We further decompose Dy = Dq1 + D15 + D13, where

n—2J

Dy = Z K (&) H 'pL(X(h+J) — Xy,,,)s
n—2J

D12 - Z k/ ng XUthJ - XUJ)’
n—2J

Dyy = Z K (&) H 'pL(X,, — X(J)).

Using (3.5) and Assumption (A4), we have

n—2J
Dy Z
(PEX(ri_1,7)pi;) /2 Zk/ &) H (A (h+J) + AV (h+ J))
i J—4 1] l]

_ OP(H—1/2n—1/2 —i—p}hn_l).

Using Lemma 4, we also have

Dq3
(P52(Tj-1, 7)) Pij) /2

== Op(n_1/2).

To find the rate of Dy, We decompose D1y = D134 + D12, Where

Dle 7722:J kl Xh: pjTjA(Us—i-j—hUs-‘rJ)Zis B O ( 1/2Hn*1)
(P5E(Tj-1, 75)Pij) 1/ — (P52(7j-1,7))Piy) /2 ’
D12v TiJ k’l 12 ng (US+j 1;vs+J) /2Zj
(pwE(TJ 17TJ p@] 1/2 s=1 (szZ(TJ 17T])p2J)1/2
n—2J
_ Z kl eh (h1/2 71/2) OP(H1/2n71/2).

Hence combining the rates obtained,

R(J)
(P52(7j-1, 75)Pig) V2

= Op(HY?*n ™2 4 p/2Hn ™t 4 0714, (3.13)

With (3.12) and (3.13), and the fact that the terms involving EShQ) give exactly the
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same rates as those involving E” Jl, the jittering effect has

pZ_]E( )pz] + 2 ZZ ?J kH(h)pZJE«(] )p”
p;g-z(’fj—la Tj)pw

= Op(J 7 + Jn 4 n7 VA 4 (J7V2 4 JY 207V (g 2712 +pj/2Hn‘1 +n~V4). O

To finish the proof of Theorem 2, using the notation in the proof of Proposition 1,

we decompose

pLK(Y*)p,;

P2 (71, 7)Pij

ey = POy & 2 k(X ey
pijE(Tj—l i )Pij

Py O (X B )py + 2350 k()P ™ (X0 B D)py

—1= K1+K21+K22—|—K3, with

Y

Ko = ,
2t pT‘E(Tj 177-])ij
o p;S"Y(O)(E*(J) X *(J ))p” +22h - kH(h)pg;ﬁ’(h)(E*(J) X (J))pw
22 — )
pijE(ijla 7j)Pij
e pLy O Epy + 230V kp(h)pEy™ (B*)py;
3 — 9

P E(Ti-1, 7)) Pij

where we define

X; =X, +e(I(s+J—1)),

0, s=1n—-2J+1;
B0(s) = ,
(X(s+J—-1)—X,,,, ,)+e(s+J—1), otherwise.
and
n—2J+1 N
YO BD) = 3 (Kl — KD RV (s~ b~ B s~ h - 1)
s=h+2

with similar definition for 4™ (E*(), X (J))

Proposition 2. Let all the assumptions in Theorem 4 hold. Then with p/n — ¢ > 0,

K, = Op(p}/zHl/%_l/Q +p}/2n_1/4),

162



where py = 1 when there are no factors, or py = p when there are pervasive factors

in the log-price processes.

Proof of Proposition 2. Firstly, by Lemma 3, since J = o(n), we immediately have

< *(J
Py (Xi)py
szE(TJ 1, 7j)Pij

— 1| = 0p(L -0V 4 p}*n7 %) = Op(py*n~V?).

Also, defining

zsj _ Pz‘TjA(Us+J 25 UsJ— 1)Zle+J71 ij pz'TjE(UsH 25 Us4J— 1)1/2Zi s+J—1
" (PUE<TJ 1,75)Pij) '/ (pz]E(T] 1,7)Pij) '/
p(e(J(s+J—1)) —e(J(s+ J —2)))
(PH2E(7j-1,75)Pij) 1/

) v, )

e =

S )

we can decompose (we omit any superscripts ij if no ambiguity arises)

Zh ( )pzj7 ( e )pu Z Mr, where
(pz’jz(T]*l’T])ij) o
n—2J+1 s—2 n—2J+1 s—2
Ml - Z Zd,s Z kH(h)zd,s—}w M2 - Z Zd,s Z k:H(h)Zv,s—}w
s=3 h=1 s=3 h=1
n—2J+1 s—2 n—2J+1 s—2
M3 = Z Zu,s Z kH Zd,s—ha M4 = Z Zu,s Z kH(h)Zv,s—ha
= s=3 h=1
n—2J+1 s—2
M5 = Z €s Z k'H(h)(Zd,sfh + Zv,sfh)a
s=3 h=1

n—2J+1 n—2J+1 s—2

s—2
Mg = Z (Zd,s + Zv,s) Z kH<h)es—h7 M7 = Z €s Z kH(h)es—h‘
h=1 h=1

s=3 s=3

Using Assumption (D1), we have
M1 = Op(prn_1>.
Using Assumption (D1) and (V1),

M, = Op(p}/QHlmn_l/Q).
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Using the Burkholder’s inequality,
My = Op(n-n~'-pH*n %)V = Op(p}/QHn’l).
Using the Burkholder’s inequality again,
M, = Op(n-n~t - Hn=Y)Y2 = Op(HY?*n~Y/?).

Finally, with Assumption (W1) to (W3), using the jump removal rate n~'/4 from
Fan and Wang (2007),

Ms = Op(n_1/4-(p}mHn_l—l—Hl/?n_l/Q)), Mg = Op(p}/2n_1/4—|—n_1/4>, M, = Op(n_1/2),
Combining all the rates calculated, we can conclude that
Kl = OP(]?}/2H1/2TL_1/2 +p}/2n—1/4)‘ 0

Proposition 3. Let all the assumptions in Theorem 4 hold. Then with p/n — ¢ > 0,

73/2n1/2 I — _ -

Op(H?n),  kn(h) = k(h/H).

Proof of Proposition 3. Firstly, define

T*(J)

(PR, )P

so that by the definition of E*)(s), i/ =77, . = 0.

If no ambiguity arises, we drop the superscript in r% for easier presentation. Consider
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the decomposition

Py (B )py; + 230k (h)ply ™ (E*))py
P2 (71, 7)) Pij

n—2J+1 n—2J n—2J+1
- ( — Ts— 1 + 2 Z kH Z rs — Ts—l)(rs—h - Ts—h—l)
s=2 s=h+2
n—2J4+1 n—2J+1 s—2
= Z (re —re-1)? +2 Z s — Ts1 ZkH(h)(Tsfh—Tsth)
=2 h=1
n—2J+1 s—2
- (rs - Ts—l) (’rs —Ts—1 + 2 Z kH(h)(rs—h - rs—h—l))
s=2 h=1
n—2J+1
=ri4 Z (rg — s 1)((Ts+rs 1)+ kg (D)rs_y —2rs_q)
s=3
s—2
+2 (ku(h) — ky(h—1))r, h)
h=2

= IEl +IE2+IE3, where

n—2J+1 n—2J+1
[B = Y (F2=r2)), IE=2(kg(1)—1) Y (ry—re1)re,
5=2 5=3
n—2J+1 s—2
IEg =2 Z (’I“S — 7"5_1> Z kf/(éh)H_ITs—}u
s=4 h=2

where (h—2)/H < & < (h—1)/H if kg (h) = k((h—1)/H), and (h—1)/H < &, <
h/H it kg (h) = k(h/H).

Firstly, since r; = r,_2511 = 0, we have

[El = 0

Secondly, I Ey = 0 if ky(h) = k((h — 1)/H) since then kg (1) = k(0) = 1.
For kg (h) = k(h/H), using the fact that £'(0) = 0,

n—2J+1
1B, = 2]{/‘,(51)]‘1_1 Z (7“5 - Ts—l)rs—l
s=3
n—2J+1
=2"(ENGH™ ) (ro—re)re, 0S G <G <H
s=3
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Decompose further ry = r, s + 7 s, where

p;(X(s) — X,,) . pi€(s)
(P5E(Tj—1, 73)pi) 2T (PEB(Tio1, 75)pi) 1/

z,s =

Then by Lemma 4 and Assumption (E1), we have

n—2J+1
[E, <8H?K'(&) Y (r2 472, 1) = Op(H *(1+n)) = Op(H *n).
s=3
Hence we have
0, kg(h) =k((h—1)/H
. () = b((h — 1)/ H)

We decompose

n—2J+1 5—2 n—2J s—1
IE3_2 Z Tszk, th Ts— h_zzrszk,é.hH Ts—h+1
n82J4 s—1 =
—QZTsZk/ ENVH Y (repn — 1o ni1)

n—2J

—QZTS (Zk’ghﬂ ro- h—Zk ) H g h)

n—2J s—2
=2 Z Ts (Z K"(&) (& — &) H Mg, — k,(fl)H_ITs—1) s En <&, <&

h=1

= IE3’1 + IE372, where

n—2J n—2J s—2
fEsl——2Zk VH 'rarecy, TBs2 =2 1> K'(§)(E — &) H 'ron.
s=3 h=1

For ky(h) = k((h—1)/H), & = 0 with k(&) = kg (1) —1 = 0, and hence I E5; = 0.
For kg (h) = k(h/H), using Lemma 4 and Assumption (E3),

n—2J

IE3,1 = —2 Z kl’(£1)£lH_1rsrs—l

s=3

= OP(H_ln—l + (H_3n—1 + H_2n—1n—1)1/2 + (H—S + H—Qn—1)1/2) _ OP(H_?’/Q),

166



For IE3 4, we have

[E3’2 — Op(prflnfl + (n . n71H73n71)1/2 + (nH73)1/2) — Op<pr71n71 + H73/2n1/2)

_ Op(H_?’/in/Q),

which gives IE3 = Op(H~*/?n'/?). Hence combining the rates for IFE; to [ E3, we

have

Op(0+ 0+ H¥201/2) = Op(H-3?n"/?), ky(h) = k((h — 1)/H);

K
Op(0+ H 2n + H3?n'/?) = Op(H ?n), kg(h) =k(h/H).

Proposition 4. Let all the assumptions in Theorem 4 hold. Then with p/n — ¢ > 0,
Kot + Koy = Op(H —1/2 4 p=1/4 +p1/2 —1/2 L gl Jl/Zn’l/Q),

where py = 1 when there are no factors, or py = p when there are pervasive factors

in the log-price processes.

Proof of Proposition 4. Using the notations used in the proof of Proposition 3,

dropping superscripts ij in 7%, we can decompose

n—2J+1 s—2
Ky= Y phX;—X:0) ( —ra1 +2) kg (h)(reon — rs_h_l))
5=2 h=1
n—2J+1 _ _
= > pyX =X ((7’5 +re 1) + 2(kg (1) — D)rey
s=2

h=2

Similarly,

n—2J+1 572
K= > (o) (R - X) + 23 kBl K - X))

s=2 h=1
n—2J+1 B
= > (-7 1)<pm(X*( P+ X+ 2(ky (1) - 1)pLX,,
s=2

- {2 S (kr(h) = kg (h— 1)) plXiY) — 2k (s — 2)pUX*(‘])}).
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Hence we have Ky + K99 = Z?:l CE;, where

n—2J+1

CE, =2 Z p;l;(f(f)g‘])rs — X;E{{rs_l),
s=2

n—2J+1

CEy =2(ku(1) = 1) Y py(Xi!" = X;)re,
s=3
n—2J+1

CE3 =2 k’H - ]_ Z pEX:;ijl — 7"5_1),

n—2J+1

CEy =2 Z pL (X — X3y Zk’ghﬁ Tsch,
n—2J+1

CE;=2 Y  (ry—re1) Zk’ VH 'piX:)
n—2J+1

CEs = -2 Z s —Ts—1) k;H(s—Q)p”X*( ),

Using r = r,,_2y4+1 = 0, we have
CE, =0.

For ky(h) = k((h—1)/H), CEy = CE5 = 0. Otherwise, using the notations in the
proof of Proposition 2 and dropping the superscripts ij in zfgs, 2%, and e when no

ambiguity arises,

n—2J+1

CEy=2K'(E)6H™ Y (zas+2uste)ren, 0<E <& < H!

s=3

= Op(H 2 (py*n 2 + 0!/ 072 4 n7V)) = O,(H2).
where we used Assumption (D1), (V1), (E3) and Lemma 4. Similarly,
n—2J+1

CEBZ%”@&Hl( > phXi) - i:iﬂws—p?ji:é")rz)

s=3

— OP(H—Q + H—Q(Jl/Qn—l/Q + n—1/4)> _ OP(H_Q).
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We also have

n—2J+1 s—92
CE,=2 Z (zds + 2vs + €5) Z K (&) H Yrey = CEyq+ CEyy+ CEy.,
s=4 h=2
where
CFEyq=Op(pin " + ]9}/2}[_1/271‘1/2 +p}/2]-]—1/2) — Op(p}/QH‘l/Q),
CBup=Op(n-n~'- (H3 + H 2™ + H 2+ H 'n~! 4 n~)/2)1/2
= Op(H V2 4 n~ 1),
CE,. = Op(Hfl/anl/‘l).
Hence

CEy= Op(H? 4 n'/4),

For C'Es5, we have

n—2J+1 5—2 n—2J  s—1
or =25 n S v -2 S S i,
s=4 s—3 he2

= —2r3k/ (&) H 'pL X

n—2J s—2

+ 2 Z T8<Z k/ pw XzEJl Xz£{2L+1) _ k/(fsfl)H 1PUX*(J))

= OP<H71(J1/2n—1/2 + n71/4) + (n -pfn*2 +n-H 'n ' 4n. H72n71/2>1/2
+ H—1/2<J1/2n—1/2 +TL_1/4>>

— OP(p}/Qn_l/Z + H1? +H_1n1/4).

Finally,

n—2J n—2J
CEs = <_2 Z rskp(s —2) +2 Z rsk(s — 1>> pUX*(J)
s=3 5=2

n—2J
= 2p X7 (Z rok (€ ) H ™' + rgk‘H(l)>

s=3

— Op((J¥2n 2 4 V(B2 4 1)) = Op(JH2n 12 4 =110,
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Hence
Koy + Koy = Op(H 1/2+n’1/4+p1/2 ’1/2+H’1n1/4+J1/2n’1/2). 0

To finish the proof of Theorem 2, we can combine the rates from Proposition 1 to 4
to arrive at
P2 (71, 75) " Pij

max -1
=L | PE3(T51, 7Py

= Op(J~ Ly g2y, 71/2_|_p1/2 —1/4_|_p}/2H1/2n71/2+H73/2n1/2+H71/2+H71n1/4)_

The optimized rate is achieved using H =< n'/?, with the smallest order of J being

1/2 —1/4

J = p}l/ *pt/ 4 and rate of convergence at py “n~/". Hence when there are pervasive

factors, we need p = o(n'/?) for guaranteed convergence. Also, we have

T $ KP
. P 2 (-1, 7)" Py )
. T
i=Lp | Py X(7j1, 7))

= Op(J™ L g2y, 71/2+p1/2 —1/4+p}/2H1/2n71/2+H72n+H71/2+H71n1/4)_

The optimized rate is achieved using H = p}l/ p3/5 , with the smallest order of J

2/5_—1/5

being J = p;Z/ "t/ ° and rate of convergence at py n~/?. Hence when there are

pervasive factors, we need p = o(n'/?) for guaranteed convergence.

For 2(0, 1), we use the same argument at the end of the proof of Theorem 1 to

arrive at
12(0, 1) B14ear(0, 1) — L|| = Op(py/*n =74,

where H =< n'/? and J = p;1/2n1/4. Same treatment apply for 33(0,1)XF. This
completes the proof of the theorem. [

3.7.3 Proof of the Theorem 3

We first present the proof for 3(r;_y,7,)"” = P(Y);. Let
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Then we have

~ 1 n—Q+1 ~ =T = Q-1 l ~ ~
P(X)] :¢—Q X’UsXv s Wlth Xs = g(@) (XUs+l XUs+l—1>’
s=1 =1
n—Q+1 Q-1
1 _ _ _
P(E); -0 E(s)E(s)", with E, = g(é) (E(s+ 1) —E(s+1—1)),
s=1 =1
_ 1 e _
P(X,E); = 0 X,.E(s)", P(E,X) =P(X,E)".
s=1
Hence

piP(Y);p;; = PiP(X);p; + 2p;P(X, E);p;; + i, P(E);py;

=P 21t + IPP. (3.14)

By the definition of ¥, as () — oo, standard rate of convergence of Riemann integral

implies that
1 Q-1 l 2
— — ] =1 =0(@Q™"). 3.15
'w@ 2.0 (@) ‘ @ 19
We further decompose

IP =p P(X);p;

| e @l N N Q1 N N
g X (X 0(g) e~ Ko Xa( ) Ko = Ko

,QZ}Q s=1 =0 I'=0 Q
1 Q-1 I n—Q+1 N N N N
:w_Q gz (é) pg (Xvs+l - XUS«H*l)(X/Us«H - XUS«H*I)’Tpij
=1 s=1
1 I ! - n—Q+1 _ _ _ _ .
+ ¢_Q Z g (é)g (6) pz] (X”US_H - X’US+Z_1)(XU5+ZI - XUs+l’71> p2j7
1Al s=1
117+ 1T
Then by Lemma 3 and (3.15),
IIP{D 1/2 —1/2 —1
’ =1 =0p(p/n "+Q7). (3.16)

PLE(Tj-1,75)Pij
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n—Q+1Q—1 ] N N -1 I N N
Iy =204Q)™" g (—) Py (X, — X)) g (—) Py (X, — X, ,)

s=1 [=2 Q I'=1 Q
n—Q+1Q—1
_ l
= 2(¢Q) ! g (6) p;l; (Xvs+z - Xv.s+1—1 + e(va-s-z) - G(va+l—1))
s=1 =2

-1
l/
: g (@) p;S' (Xv5+z/ - Xvsﬂul + e(J”s+l’> o G(vaﬂ'*l))

where
n—Q+1 Q-1 ] -1 1
Pl - Z g (@) piTj (Xvs+l - Xvs+zf1) g <@> piTj (XUSH' - X”5+l’71)7
s=1 =2 I'=1
n—Q+1Q—1 -1
l I
P2 = Z g(@) PZ’ (Xvs+l - Xvs+171) g<§>p£ (e(JUS.H/) - 6<va+l’—1))’
s=1 =2 I'=1
n—Q+1 Q-1
z v
Py = Z g (@) PZ- (G(JUSH - vs+z 1 Z g (Q) ng V1! X”suul)’
s=1 =2 =1
n—Q+1Q—1 -1
l s
Py = 9(@>p?j(e(JUS+l) @ DY g( Q)M (o) =@, ).

We focus on P first. Defining

L
Q

l

As(l) = 9( )p?jA(vs+l—17Us+l)Zé,s+la Vi(l) = g(@

T 1/2r7j
)pijz(vs—i—l—hvs-‘rl) / Zv,s+l7

we can decompose P = Py, + P, + P, 4 + P,,, where

n—Q+1 Q-1 -1
As(D) ) Vi(D), =

n—Q+1 Q-1 -1
s=1 [=2 '=1 s=1

ZVS

=1
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and the other two terms are defined similarly. Since E;(A;(l)) =0, and

1

Q-1 2 Q-
<ZAS ) Z 2( >sz Us+l—1;Us+l)A(Us+l—17Us+l)Tpij
1=2

=2
l I
+Y g (a) g (a) Ej (PG A Wesi1,s4) 2] o 2]y ooy A(Vsir—1, Vsgr) " Pi)
LAV

= 0(Qpn~ + Q’pyn %) = O(Q*pn?),
we have
Poa = Op(n- (p/*Qn™")?) = Op(p;Q*n7").

Also, Burkholder’s inequality can be applied so that for a generic constant C' which

can change values from line to line,

Q-1 2 Q-1
l _
Ej( Vs(l)> <C E g’ (a)p?jz(vs-&-l—lavsﬁ-l)pij = 0(Qpn),
=2

=2

so that
Paw = Op(n -p}an_l -p}/QQl/Qn_I/Q) _ Op(pr3/2n_1/2).

Since E(Vi(1) S0, A(l)|F_; U F..,..) =0, we can use Burkholder’s inequality so
that

n—Q+1 -1 n—Q+1 -1 4
Ej( > %(DZ&U’) <cC Z AUNI (ZASU’))
s—1 =1

'=1

= O(n-pm~" - Q*pn %) = O(p3Q*n~?).

where the second inequality used Lemma 2.7 of Bai and Silverstein (1998). It means
that

P,o=0p(Q psQn~") = Op(psQ°n~").

Also, similar to the arguments above,

n—Q+1 -1 9
Ej( > Vi) ZVS(Z’)) =O(n-pm~" Qpm~) = 0(pP2Qn).

'=1

Hence
Pv,v - OP(prS/Qn_1/2>‘
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With these results, we have

Pl/pg;'E(ijl, T;)Pij = Op(p;@Q*n~" +p}/2Q3/2n’1/2),

Using Assumption (W1) to (W3) and the rate of jump removal at n='/* from Fan
and Wang (2007), we have

L Dy 1/2 A2, —5/4 3/2. —3/4
) = Op(p/"Q*n ™" + Q*n=%/1),
pEE(ijlaTj)ij p};E(ijlaTj)pzj 4
Py

= Op(Qn™'7?).

P 2(Ti-1, 7)) Pij
Hence using the rates for P; to P, found above, together with (3.16), we have

PP
Il

—-1|=0 101/2621/271_1/2 +pQn '+ Q7). 3.17
‘piTjE(le,Tj)pij ‘ ol f ! ) ( )

We find the rate of II’F now. Using ¢(0) = g(1) = 0, we have

-1

1 g(é) (E(s+1) —E(s+1-1))

[o(g) (e Tt

where [/Q < e;11 < (I +1)/Q. Hence

o

E(s)
l

O

l

I
o

Q-1 i
pLE(s)E(s)Tpy = pT (Q_l > g Bls+ ”) (Q_l 2 G Bl + ”T) P
1=0 =0

Z gez+1pwE s+DE(s+1)'py + Z géng;l,Hp”E(s +DE(s + l/)TpU)‘
1Al

(3.18)
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By Lemma 6 and Lemma 7, we then have

PP
IS

P2 (71, T5)Pij

Q-1n—Q+1 T
. P (E(s + D)E(s +1)")p;;
= 1
op<Q D (3.19)

n- Q‘H nNT
pU 3+lE(s+l))pij)
2
; ; (TJ laTJ)ng )
=0p(Q72(n) + Q7*(n'/?)) = Op(Q2n). (3.20)

For 157 /p;3(7;_1, 7j) Py, it can be decomposed as SO Li/p;3(7j-1, 7j)Pij, where

H

Q-
pZ] Vs+1 - 'US_H 1 Z gel,+1 Q p;EE(S —'I_ l/),

/

Li=—

~
(Rl
—_ O

o)

/

N
I
o

% 2olq
| "erte-l
L2 - ¢_Q ; g(Q)p” Vsl X"Us+l71) ( l’+1)Q le( (S + l/) o X”s+l’)’
-Q+
Z g <@> pz] Vsl XUerlfl)

Z( 9e,, JQT P (e (s + 1) —e(Jo, ),

I'=0
L LYY (l) o) — a5 1)
== g\ A |PijleJogy,) —eldu, Yy a p;;€(s + ),
! wQ s=1 =0 Q '=0
1 n—Q+1 Q-1 I .
Ls=— ~ ) pZ(e(d, J,
5 ¢Q p l:Og Q plj( ( s+l) 6( s+1 1))
0-1
.Z( gel,H)Q_lpw(X(S-f-l) X, )
I'=0
1 n—Q+1 Q-1 I -
Le=— A i Jy 1 va+z 1
=35 > log<@>p”(< )=o)
Q-1
'Z( ey, )@ P (e(I(s + 1)) —e(Ty,,))
'=0
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Using notations as before, we have

1 ~1
& g( >p” (Ko = Xoyi) :QZ A () + V()
ngz(TJ 1, 75)Pij) /2 (ngE(TJ 1,75)Pij) '/

= Op(p/*Qn" +Q"*n™'1?),

=0

1
Q gel+1 Q pg (S + l)

1=0 pz] TJ 1’7-J)p’l]>1/2

p’L ( (S+l) - Vg ) _ _ B
Z ~Ger)Q (I;TE<T] ) Tj)pj);/g = Op(pin™t +Q7'QY*n~1?)
= iJ ) i,

_ Op(p}/anl + Q71/2n71/2)_

=0p(Q Q2+ Q% Q)2 =

Op(Q™%),

With these, together with Assumption (W1) to (W3) and the rate of n='/* in Fan

and Wang (2007) for jump removal , we have

L3/piTjE(7_j—177—j)pij = OP((p}/QQn + QY2 12) . Q7 In~ VY

_ Op(p}/Qn—E)/zL + Q—1/2n—3/4)’

Ly/p52(1j-1,75)pij = Op(Q - Q72 Qn YY) = 0p(Q MY,

Ls/pEE(rjo1, 7))pij = Op(Q 7' Qn~4(py/*n™" + Q72 71/2))

= Op(p*n™"" + Q72n™/%),
Le/piE(Tj—1,7;)pij = Op(Q™" - Qn~Y* - n ™V = Op(n~172).
For Li, consider L; = IQ:BI Ly, where

n—Q+1 Q-1

1 _
Liy=-— > Zg( )pw<XUSH—XM1)<—ge;,+1>Q 'ple(s +1).

wQ s=1 [=0

Then using Assumption (E3),

Ei(L3 ) (055 (1j-1, 1)pi)?) = O(Q % - n - (p 1/262”_1 + Q22072

= O(pri%”Lil + Q73).

Hence
L./ Vpii = Op(pY/2n=1/2 ~1/2
1/pij (Tj—1, 7j)Pij P(pf n +@Q ).
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We also have

L2/piTjE(ijla 75)Pi; = Op(Q 'n(psQn " + Q1/2n71/2)(p}/2n71 +Q 7P

= Op(pn ™" +Q71).

Hence we have

PP
IQ

= Op(p)/*n~ 1% + Q7). (3.21)

Py (751, 75)Pij

The above results imply that

pP(Y),pi;

—1
P2 (71, T5)Pij

= 0p(Q* 4+ Q0 +p/°QV*n 2 4 pQn 7).

When there are no factors, p; = 1, and so the best rate is to balance Q*n and
QY?n=1/2 resulting in @ = n®® and a rate of convergence at n~'/5. When there

3/5

are pervasive factors such that py = p, then we need < n p~1/5 and rate of

—1/50,2/5

convergence at n . Hence we need p = o(n'/?) for guaranteed convergence in

this case.

This completes the proof for the positive semi-definite version, since the above rate

does not depend on both the indices ¢ and j.

Consider now NER-PRVM which is E(Tj,l, 7;)¥. Using the same decomposition as
P(?)j, we have

n—Q+1
pUE(T] 177—]) Pij = pUP(Y)]pij_ Z Pgn(j Pij»

=1+ 208 + IF,

PP
I

where IT and IF are exactly the same as and I2'F from the decomposition of

pZ]P(Y)pij at the beginning of the proof, and
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From (3.17) and (3.21), we have

Iy
ngz(Tj 1, 7)) Pij
IP
’pUE(TJ 17TJ)pZJ

—1}=op@y%fﬂn*”+qun*-%Q*x

= Op(p*n™1? + Q7).

We can decompose 17 = J; + J,, where
n—Q+1
1 w@ Z pzj p’L] Cp” Ei spZ]] 9

n— Q+1
T

o 2 (7)
2 wQ Z pzj €, sp’L] ng'r’ I

Pij)-

Since B(s) = 2% [9(1/Q) — g((L+ 1) /Q)E(s +1) = Q' S (—gl, ) E(s +1), we

have

Jl = J171 + JLQ, where

R I+1)]2" & - ;
mzwngyﬁﬁﬁ}memw@wm]%%m,

=1 s=1
n—Q+1
Jia=0'Q? dez+1gez/+1 Z PTE (s +DE(s + l/)Tpij-
LAl
From (3.19), we know that
J12/Pi B (71, T)Pi; = Op(Q~*/*n'/?). (3.22)

To find the rate of J; 1, for [ < @, it suffice to consider the rate of

6

n—Q+ T

TE(s + )E(s +1)"py; — pLE! p;
Z P JB(s 1)y — Py P B+ B+ Bt B +2Y By,
s=1 psz(T] 1,7'])1')” k=4

where Fs to Eg are essentially the same as those defined in the proof of Lemma 6
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(only with s replaced by s+ and n by n — @ + 1), and

B - "fl piTje(s + l)eis +1)'pij — p”EE SJrlp”’
o pij2<7—j*177—j)pw
pary pz‘j (ijb Tj)pij

Under Assumption (E3), using Lemma 2.7 of Bai and Silverstein (1998), we have
Ej(Ei,l) =0, and

E;((E}1)?|Beu,u € [0,1]) =O(n+n*-n~") = O(n).

Hence
Ey, = Op(n'?).

Also, by Assumption (E1) on the smoothness of {X.,}s, we have
Ei,Q = OP(|Z|>~
From the proof of Lemma 6, we have
= Op(1), Es = Op(n/?).

Using Assumption (W1) to (W3) and the jump removal rate of n~/4 from Fan and
Wang (2007),
= Op(nil/zl), E6 = Op(n73/4>.

For E,, using Assumption (E3),

Eyr=Op(n- (n2)2 402071 (n72)2) = Op(1).

From these rates, we have

Ji1 _ (L%:l (4 1/2+l)) Op(Q~" + Q~2n1/?).
. .. ¢Q — El+1
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Hence
J1/piTjZ(Tj,1, T;)Pij = OP(Q*1 + Q*3/2n1/2) _ OP(Q73/2n1/2)'

For Js, consider

T~ () Ty 5
Pi;N" ' Pij — Pij 2 Pij
TS )pn ZR“ where
pz] j—1,T5)Pij i=1
Rl Z": P E(s)E(s)"pi; — ;% by P! pij
1 — 5 - )
2n P E(Ti-1, 7)) Pij 2np 2 (71, 7)) Pij
R - 1 i P E(s — )E(s —1)"py; — p ;%! Dy P2 pij
2— 5 - )
2n P E(Ti-1, 7)) Pij 2np 5 (7j-1, ) Pij
—1 n p;l;E(S)E(S — 1)Tpij
Ry=—

n —  p;E(Ti1,7)Pi

1 i piTj (X, = Xo, ) (X, — Xvkl)Tpij

Ry

2n PE(7j-1,7)Pij ’
1 & ph(Xo, = X, )(E(s) — E(s — 1))Tpy;
Ry=->)_ > .
n < P;; 5 (7j-1,T;)Pij

From the proof of the rate for J; before, and Assumption (E1), we get
Ri,Ry = Op(n~'-n'? +n71) = Op(n™1/?).
From Lemma 7, we have
Rs = Op(n~'-n'?) = Op(n~1?).
From the result of Lemma 3, we immediately have
Ry = Op(n ™ (n™V? 4+ p/*n7%) 4 n71) = Op(n7h).
Substituting K, = 1 in (3.6) and incorporating Assumption (A4), we have

R5 = Op(n_l : 1) = Op<n_1).
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These rates imply that, with ¢ = O(Q™1),
Jy = 0p(Q72-n-n"Y2) = 0p(Q2n"?).

Finally we have

I

-0 Q—3/2n1/2 + Q—in/Z -0 Q_3/2n1/2 )
P E(Ti-1, 7)) Pij rl )= Orl )

Hence

o |PET-LT) P 1‘
=t | P71 75) Py
17 17
< 1 B 2
_;ga%p P 2(Ti1, 75)Pij 1’+2;§?)T1£ P 2(Ti-1, )Py
P
+ max |— s
i=been | P71, TPy

_ Op(p}/2Q1/2n71/2 + Q71/2 + Q*3/2n1/2).

When there are no factors such that py = 1, the above rates imply that @) < nl/?

1/4

with a rate of convergence at n=/*. When there are pervasive factors such that

ps = p, the best rate can be achieved with @) =< n'/2p=1/4

3/8,,—1/4

, with rate of convergence

at p . So we need p = o(n??) for guaranteed convergence. This completes

the proof for the bias-corrected version.

Finally, using similar arguments at the end of the proof of Theorem 1 in Section
3.7.1, we have

12(0, 1) B14ear(0, 1) 7" = L|| = Op(py*Q"*n 712 + Q712 + Q~3/2n1/2),

the same as for f](Tj_l, ;). Similar treatments apply for f]((), 1)PP. This completes
the proof of the theorem. [J

181



3.7.4 Proof of the Theorem 4

We have shown in the proofs of Theorem 1 to 3 for the results using jumps-removed

data. To complete the proof, note that

1> (ATAT] — ATATY)|| < € max [|AT AT — ATATY)|

0<t<1
0<t<1

S 20 max HAJt - A/J\t“ . HAJtH + C max HAJt - A/thQ

0<t<1 0<t<1

_ Op(n_1/4L_1/4).

Since L is finite, this completes the proof of the theorem. [
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